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Abstract 

To continue to drive performance, the next generations of power semiconductor 

devices need to explore alternative materials other than silicon. The most promising 

semiconductor for this is silicon carbide (SiC), owing to its superior physical and 

electrical properties, while also still being compatible with many existing silicon 

fabrication techniques.  

SiC Schottky diodes and SiC metal-oxide-semiconductor field-effect transistors 

(MOSFET) are available commercially, but they have yet to reach theoretical 

performances. Many existing challenges are related to questions regarding electron 

transport mechanisms in metal–SiC interfaces, and electron trapping effects in both 

metal–SiC and oxide–SiC interfaces. This thesis is divided into three parts, and each part 

addresses one of these areas. 

In Part I, I investigate electron trapping effects in metal–SiC interfaces (Schottky 

diodes). Chapter 1 reviews how these traps can impact the device characteristics and 

reduce device reliability. Chapter 2 experimentally investigates the SiC Schottky diode 

reliability concerns and provides evidence that they are caused by trap effects. 

Following this, Part II discusses electron transport at metal–SiC interfaces. 

Chapters 3 and 4 focus on modelling the current-voltage characteristics of SiC Schottky 

diodes, both as a means of determining the fundamental current mechanisms and also to 

build a compact model which can be used in circuit simulations. In chapter 5 I develop a 

neural network model which can predict the specific contact resistance of SiC Ohmic 

contacts, using details about the anode metal, the doping, and annealing schedule. Then, 

chapter 6 contains theoretical advancements in the field of modelling current conduction 

through defects. 

Finally, Part III investigates electron trapping in SiC MOS structures. In both 

chapters 7 and 8 I analyse a specific conductance signal, which has been correlated with 

lower than theoretical mobilities in SiC MOSFETs. My work illuminates what the cause 

of this signal is and introduces a new technique to characterize it. 

Overall, the work contained in this thesis covers a broad range of subtopics in the 

field of SiC devices. Each of the chapters contained within either contributes to our 

understanding of the physics of SiC interfaces, and/or improves our ability to engineer 

high quality SiC devices.  
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For many decades now, silicon has been quite effective as a platform for 

manufacturing semiconductor devices of all varieties. However, silicon technology is 

now mature and is reaching the ultimate limits of the material. Power devices, in 

particular, are an area where Si technology is beginning to stagnate. At the same time, the 

demand for power devices is exploding, as businesses seek to reduce their carbon 

footprints and as new high-power industries emerge and/or grow in market share (such as 

electric vehicles, high speed rail, and renewable energy technologies). 

To meet the power demands of the 21st century, it has become clear that alternative 

materials need to be explored. These materials typically fall under the category of wide 

bandgap semiconductors, with energy gaps much larger than Si. There are many 

candidate materials, however the most promising from an industry perspective is silicon 

carbide. SiC is unique amongst the wide bandgap semiconductors in that, much like Si, it 

grows SiO2 as a native oxide [1], [2]. Furthermore, similar to Si, it is possible to control 

the n- and p-type doping of SiC to a high degree [1], [2]. These properties make it possible 

to port many Si fabrication techniques over to SiC—as such, SiC technology has 

progressed more rapidly than for any other power semiconductor material. 

Fabricating devices from SiC rather than Si provides a number of advantages for 

power applications. The superior material properties of the main polytype of SiC (4H) are 

summarised in Table 1. The larger breakdown field, in particular, is very desirable—it 

enables us to reduce the width/increase the doping of device drift layers (relative to Si 

devices), without exceeding the maximum allowable electric field in the material. This 

reduces the device’s on-resistance, a major source of conduction power losses, by several 

orders of magnitude, as shown in Figure 1. 

Property Si 4H-SiC 

Bandgap (eV) 1.12 3.26 

Electron Mobility (cm2V−1s−1) 1350 1200 a 

Electron Saturation Drift Velocity (×107 cm/s) 1 2.2 

Hole Saturation Drift Velocity (×107 cm/s) 0.9 1.3 

Breakdown Electric Field (MV/cm) 0.3 2.8 a 

Thermal Conductivity (Wcm-1K-1) 1.3–1.5 3.3–4.9 

Relative Dielectric Constant 11.9 9.8 
a along <0001> direction   

 
Table 1. Comparison of material properties between Si and 4H-SiC. Data from [1]. 

9



The main SiC rectifier is the SiC Schottky diode, while the main switch is the SiC 

metal-oxide-semiconductor field-effect transistor (MOSFET). Together, these cover the 

voltage blocking ranges previously occupied by Si PiN diodes, insulated gate bipolar 

transistors, and gate turn-off thyristors, while at the same time providing superior 

switching speeds, greater efficiency, and a reduced necessity for external cooling units 

[1]. As the primary devices for replacing existing Si, they have been the main focus of 

development over the past few decades. Both devices are now available commercially, 

with the SiC Schottky diode being first sold in 2001 and the SiC MOSFET in 2010 [1]. 

There is, however, still considerable room for improvement in these devices. In 

particular, the current level of knowledge regarding the main two interfaces with SiC, 

those being the metal–SiC and SiO2–SiC (oxide–SiC) interfaces, is rather low. Defects at 

and around the oxide–SiC interface are known to cause serious performance and 

reliability issues for SiC MOSFETs, including reducing the channel carrier mobility [3]–

[5] and causing the threshold voltage to be unstable [6]–[7]. Similar reliability concerns 

have also begun to be reported in some SiC Schottky diodes, due to defects around the 

metal–SiC interface [8]–[10]. In both cases, the exact origin of these defects, and how to 

remove them during fabrication, are not known in detail. There are also questions about 

the current transport mechanisms across metal–SiC interfaces, both of the Schottky 

(rectifying) [11]–[15] and Ohmic (linear) varieties [16]. This poor understanding has 

contributed to the lack of a device model for SiC Schottky diodes and has impeded 

improvements to the SiC Ohmic contact fabrication process.  

Figure 1. Relationship between the specific on resistance and breakdown voltage for Si and SiC 

unipolar devices. 
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As such, my research has been focused on investigating these two interfaces with 

SiC. Over the course of my candidature, I have explored various aspects of electron 

transport at metal–SiC interfaces, and electron trapping effects at metal– and oxide–SiC 

interfaces. There were two main goals of this work: first was to improve our 

understanding of the physics of these interfaces, and second was to advance the 

engineering and practical use of SiC devices.  

The structure of this thesis is a thesis by publication—each of the subsequent 

chapters are papers published in academic journals. The contents of each of the papers is 

as they appear in their respective publications. The thesis is split into three parts, each of 

which is on one of the major subtopics (electron transport at metal–SiC interfaces, and 

electron trapping at metal–SiC and oxide–SiC interfaces). 

In Part I, I discuss aspects of how electron traps affect SiC Schottky diodes. This 

part contains two chapters. Chapter 1 is a review of the two main effects of traps on SiC 

Schottky diode characteristics (increased ideality factors and Schottky barrier instability). 

These effects are important considerations for device modelling and for device reliability, 

but no other researchers have provided a review of them. Then, in Chapter 2, the 

behaviour of a Schottky diode with a high density of traps is investigated electrically. 

This represents one of the first and most thorough investigations of the barrier height 

instability effect in a SiC diode. Through a variety of measurement techniques, I 

demonstrate that the effect is caused by a high density of traps, generated by plasma 

etching.  

Part II is the largest section of the thesis; it contains four chapters, which discuss 

various aspects of electron transport in metal–SiC interfaces. Chapter 3 is on the current 

mechanisms in SiC Schottky diodes. This chapter outlines how to derive the fundamental 

electron transport equations, and then demonstrates simultaneous fitting of both forward 

and reverse SiC Schottky diode current-voltage characteristics. In doing so, I reveal what 

the fundamental current mechanisms are for SiC Schottky interfaces. Chapter 4 expands 

on this result by transforming the current equations into a compact form. Compact models 

are ones which are computationally efficient (e.g. do not require numerical integration) 

and so are suitable for circuit level simulations. As such, they are considered critical for 

practical engineering applications of semiconductor devices. This chapter is the first time 

that a complete compact model for SiC has been published. It also demonstrates how to 
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transform a tunneling equation (which typically is not compact) into a compact form, 

which may be useful for other device structures or for other semiconductors. Chapter 5 

addresses SiC Ohmic contacts. In lieu of trying to understand the conduction mechanisms, 

which wildly vary depending on anode metal and on the processing, I instead developed 

an empirical model. I trained a neural network ensemble to predict the specific contact 

resistance of SiC Ohmic contacts. Such a model can be used to direct manufacturing and 

to improve SiC contact properties. This is the first model of its kind for SiC. In Chapter 

6, I address Schottky diode inhomogeneity. Often, Schottky diode characteristics 

(including for SiC) are modeled with a spatially varying Schottky barrier [17]. I take one 

of the most popular models for this and apply corrections to account for the image force 

effect, which I demonstrated are important for SiC in Chapters 3 and 4. In doing so, I 

illustrate how Schottky diodes can transition from being defect-dominated to 

homogeneous (i.e., governed by the fundamental mechanisms). This new model is of 

practical importance for modelling Schottky diodes on many semiconductors, including 

SiC, and has implications for device manufacturing. 

Next, Part III addresses the oxide–SiC interface. Chapter 7 and Chapter 8 both 

investigate a specific SiC oxide defect called the NI trap (or NI signal). This electron trap 

has been associated with reduced channel carrier mobility in SiC MOSFETs, but its 

behaviour is strikingly different to normal interface trap signals [18], [19]. Chapter 7 

provides the first ever model for the conductance-temperature behaviour of the NI signal. 

I explained the anomalous behaviour by considering carrier exchange via tunneling, 

rather than the traditional Shockley-Read-Hall theory for interface traps. Then Chapter 8 

uses this result to develop a novel characterization technique, so that approximate trap 

properties can be extracted directly from the conductance peaks (rather than requiring 

complex modelling). These results can help to direct future efforts to reduce or eliminate 

this trap via advanced processing. 

Following these chapters, a short thesis summary is provided, and potential avenues 

of future research are discussed. 
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A B S T R A C T   

SiC devices exhibit a number of detrimental second order effects which are caused by electrically active traps. 
The majority of studies into traps in SiC devices have been for SiC metal-oxide-semiconductor (MOS) devices. 
Other devices, such as the SiC Schottky diode, have been investigated less. However, traps can still impact SiC 
Schottky diodes; carrier exchange with traps can create greater-than-unity ideality factors and can cause barrier 
height instability. Understanding these effects is important for the continued improvement of diode performance 
and for device/circuit modeling purposes. Therefore, this paper reviews the state of knowledge for traps in SiC 
Schottky diodes. We also comment on practical impacts of these effects, techniques for detection/measurement, 
and alternative models where appropriate.   

1. Introduction 

Compared to Si, SiC has roughly three times greater thermal con-
ductivity and ten times greater breakdown field [1]. As such, the on- 
resistance of SiC devices is several orders of magnitude smaller than Si 
devices [1]. SiC also has the capacity to grow a native oxide, unlike 
many other wide bandgap semiconductors [1]. For these reasons, SiC is 
one of the main alternatives to Si for power device applications, and 
interest in the material continues to grow as Si begins to reach its limits. 

The main SiC switch is the SiC metal-oxide-semiconductor field-ef-
fect transistor (MOSFET). These devices have seen considerable 
improvement over the past decades and are now commercially avail-
able. Nevertheless, challenges remain on account of the high densities of 
electrically active traps in these devices [1–6]. As such, these MOS traps 
have been a primary area of research. In contrast, traps in other SiC 
devices have been examined much less. This is particularly the case for 
the main commercial SiC rectifier, the SiC Schottky diode, where trap 
effects are often not considered at all. However, carrier exchange with 
traps does impact these devices; they can generate greater-than-unity 
ideality factors and can cause transient changes in the Schottky bar-
rier height [7,8]. 

Although the performance of SiC Schottky diodes is adequate for 
commercial applications, there are still practical motivations for trying 
to understand traps in these devices. For one, recent reports have indi-
cated potential reliability concerns for some SiC Schottky diodes due to 
high densities of traps [8–11]. Furthermore, an understanding of defects 

at the Schottky interface may help to improve the reverse blocking 
[12–14]. Additionally, to best facilitate practical use of SiC devices, we 
need to understand how to model the characteristics, which includes 
modeling of the traps [15,16]. 

In this critical review, we will discuss the current state of knowledge 
regarding electrically active traps in SiC Schottky diodes. The paper is 
divided into two sections, each of which examines one of the two major 
second order effects that traps cause. Subsections include descriptions of 
the phenomena, trap-based models, and impacts on practical circuit 
performance. 

2. The ideality factor 

2.1. Effect description 

The primary current mechanism in forward biased Schottky diodes is 
typically thermionic emission [7,16,17]. The forward current (I) due to 
thermionic emission is given by [7,16,17]: 

I = AA*T2exp
(
− qϕB

kT

)

exp
(

qV
nkT

)

(1)  

where A is the diode area, A* is the Richardson constant, T is the ab-
solute temperature, q is the elementary charge, ΦB is the barrier height, k 
is Boltzmann's constant, and V is the applied forward bias voltage. The 
ideality factor (n) is a parameter introduced to fix the theoretical 
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equation to match experimentally observed slopes of log current-voltage 
(IV) characteristics. An ideal diode has n = 1, while all practical 
Schottky barrier diodes have n > 1. Greater-than-unity ideality factors 
are typically ascribed to the barrier height being bias-dependent. This 
effectively causes a stretch-out of the IV characteristic, as shown in 
Fig. 1. 

Good SiC diodes have approximately n < 1.2, and any sufficiently 
small ideality factor (<1.1) is likely good enough for practical applica-
tions. That being said, an understanding of the effect is important for 
accurate device and circuit modeling, particularly with temperature. 
Furthermore, highly ideal diodes are still desirable since non-ideal di-
odes may indicate defects which can be destructive to the blocking 
performance and device lifetime [18–24]. Non-ideality may also indi-
cate inconsistency in the fabrication process and potential yield issues 
[18–24]. 

2.2. Trap-based model 

If there are traps present, then as a forward bias is applied across the 
metal-SiC interface, the traps capture majority carriers up to the semi-
conductor Fermi level [7–10,25–29]. The increase in interface charge 
increases the barrier height, increasing n. In theory, this charge will have 
some density distribution in both energy and lateral depth. In practice 
though, this is often simplified by assuming a single sheet of charge at a 
fixed distance from the interface and with a constant, energy- 
independent trap density [7–9,15,16]. We also assume here that all of 
the active traps respond sufficiently fast that they can follow the applied 
(forward) bias at all times. A band diagram depicting this model is 
shown in Fig. 2. 

The barrier height under this model is given by: 

ϕB = ϕB,0 − ΔϕB + θV (2)  

where ϕB,0 is the barrier height at zero bias (without the image force 
correction) and θ is the trap parameter given by [7,15]: 

θ =
qδD
εs

(3)  

where δ is the fixed separation between the charge sheet and the metal 
surface, D is the density of traps (with units m-2 eV-1), and εs is the SiC 
permittivity. 

Since, in its most basic form, this model considers the barrier to be 
uniform across the interface, we need to also account for the image force 
correction ΔϕB in Eq. (2). This correction accounts for the carriers 
adjacent to the metal surface being attracted to the surface by their 
induced image charge [7,16,30]. The magnitude of this reduction is 
given by [7,16,30]: 

ΔϕB = 2

̅̅̅̅̅̅̅̅̅̅̅̅

qξ
16πεs

√

(4)  

assuming no interfacial layer. ξ is the surface field given by: 

ξ =
qNDwd

εs
(5)  

where ND is the donor concentration and wd is the depletion width. The 
depletion width is related to the degree of band bending in the SiC 
(which is also affected by the traps). The depletion width in forward bias 
is given by [15]: 

wd =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2ε(Vbi − V + θV)

qND

√

(6)  

where Vbi is the built-in potential. The Vbi is temperature dependent 
[15], which is important for matching the observed temperature de-
pendencies of n using the trap model. The inclusion of the θV term in Eq. 
(6) is often erroneously ignored [7]. 

If the image force is ignored, then the trap parameter is related to the 
ideality factor by: 

n =
1

1 − θ
(7) 
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Fig. 2. Band diagram of a SiC Schottky diode (without an interfacial oxide 
layer), showing the sheet charge approximation for the ideality factor. Traps 
(squares in the diagram) below the metal Fermi level are filled, while traps 
above follow the applied bias. This causes the barrier height to increase as a 
function of the forward voltage, increasing the ideality factor. 
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2.3. Alternative models 

There are several alternative models for the ideality factor. Firstly, 
the image force will generate an n > 1 even without traps. This is 
equivalent to using Eq. (2) with θ = 0. This can account for ideality 
factors of approximately 1.02 [31,32]. 

We can also consider that, if there is an interfacial layer present, that 
will increase n [25,33]. If there are no traps at the interface between the 
interfacial layer and the semiconductor, the ideality factor generated is 
approximately [25]: 

n = 1+
δεs

wdεi
(8)  

where εi is the permittivity of the interfacial layer. To be consistent with 
typical measured values of the Richardson constant and built-in poten-
tial of SiC diodes, we calculate that this (on its own) can only account for 
n ⪅ 1.005. That being said, an interfacial layer can provide a natural 
source of traps which can generate arbitrarily large n. In other material 
systems such as GaAs, n as large as 10–20 have been reported when an 
interfacial layer is intentionally deposited [34–36]. 

Many diodes are modeled by considering that the barrier at the 
interface is inhomogeneous [19–22,32,34–55]. Broadly speaking, in-
homogeneity models can be classified as ‘interacting’ and ‘non-inter-
acting’, based on if the interactions between neighboring barrier patches 
are considered. Non-interacting inhomogeneity models, whether they 
consider several parallel diodes [21,38–41] or a continuous barrier 
height distribution [35–37,43–46], do not typically help in explaining 
the ideality factor. Parallel diode models require each diode to have 
individual greater-than-unity ideality factors to match experimental 
data, but the models do not themselves provide a reason for this. Simi-
larly, in single or multiple Gaussian distributed barrier models, the 
ideality factor is often expressed in the form [35–37,43–47]: 

1
n
− 1 = − ρ2 −

qρ3

2kT
(9)  

where the mean and standard deviations of the barrier height distribu-
tion are linearly dependent on the voltage with coefficients ρ2 and ρ3 
respectively. Eq. (9) has demonstrated effectiveness, particularly at 
matching the n dependence on temperature in cryogenic regimes 
[35–37,43–46]. However, the equation simply arises from considering 
how a voltage dependence would affect a Gaussian distributed barrier, 
but the mechanism behind that voltage dependence is not explained 
[47]. 

On the other hand, interacting models of barrier inhomogeneity can 
provide an actual mechanism for the ideality factor. The most popular of 
these models is the Tung model [56], which describes how the presence 
of a higher barrier background surrounding small barrier regions can 
result in a “pinch off” of the potential in front of the small barrier patches 
[18,42,48–58]. This pinch off effect depends on the surface field, 
causing the barrier height for the IV characteristic to be voltage 
dependent [18,42,48–59]. The Tung model is in general complex, but an 
approximate expression for the ideality factor (valid when the small 
patches dominate the current) is given by [18,56]: 

n = 1+
γ

3
(

2εs
qND

)
1 /

3(Vbi − V)
2 /

3
(10)  

where γ is related to the size and barrier height of the small barrier 
patches. 

Finally, for completeness, we can consider a tunneling current 
contribution to the ideality factor. Here, n is [30,59]: 

n =
qE00

kT
coth

(
qE00

kT

)

(11) 

E00 is a tunneling parameter given by [30,59]: 

E00 =
ℏ
2

̅̅̅̅̅̅̅̅̅
ND

m*εs

√

(12)  

where ħ is the reduced Plank's constant, and m* is the electron effective 
mass in the SiC. This contribution, however, is only relevant at low 
temperatures and/or with high doping (above ~3 × 1017 cm-3 [30]). For 
a typical doping of 1016 cm-3, this can only account for n ≈ 1.001 at room 
temperature, and so can be ignored. 

2.4. Discussion of ideality factor models for SiC 

Selection of an ideality factor model for SiC largely depends on the 
temperature dependence of the IV characteristic. One of the most 
compelling reasons to select an inhomogeneity model over a trap-based 
model is the presence of double-barriers, which are seen in some diodes 
with very poor interfaces and/or at low temperatures 
[19–22,38–42,46,60]. An example of this is shown in Fig. 3. While this 
effect can be accounted for with traps [60] (by assuming a non-uniform 
energy distribution), parallel diodes of different barrier heights have 
been better at matching the experimental data, particularly for mea-
surements at several temperatures [19–22,38–42,46]. The presence of 
double barriers has been correlated with physical/chemical defects 
under the anode metal [19–22], lending credence to the parallel diode 
model. 

As stated previously, fitting the double-barrier phenomenon often 
requires that each parallel diode have an individual greater-than-unity 
ideality factor. For instance, Brezeanu et al. reported successful paral-
lel diode modeling for SiC up to 400 ◦C [41]. Their modeling required all 
parallel diodes to share a temperature independent ideality factor be-
tween 1.018 and 1.03 (depending on anode metal) [41]. In their paper, 
this was attributed to image force lowering—however, the image force 
correction is actually temperature dependent on account of the tem-
perature dependencies of Vbi. 

Interface traps may be able to account for such ideality factors. As a 
proof of concept, let us consider the expected n generated if a thin layer 
of SiO2 is formed by oxidation of the surface in the ambient air prior to 
metallization. MOS capacitor measurements put the mid-gap interface 
trap density of oxidized SiC in the 1011–1012 cm-2 eV-1 range [61,62]. 
Using Eqs. (3) and (7) (with the SiO2 permittivity rather than SiC 
permittivity), and assuming an oxide thickness of ~1 nm, we calculate 
that the largest n generated by an unintentional oxide is ~1.05. This is 
consistent with Brezeanu et al.'s results—as such, these types of double 
barriers should not be interpreted as indicative of an absence of traps. 

Other work has attempted to use Tung's model to entirely account for 
both the ideality factor and the double barrier phenomena [48–55]. 
However, Tung's model can encounter problems when applied to SiC. In 
particular, the patch density for some diodes is calculated to be so small 
that the average diode would not contain a single low barrier patch [18]. 
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Conservative estimates of the limits of Tung's model place the maximum 
n to be 1.42, beyond which the parameters are no longer meaningful 
[18]. Experimental evidence on SiC constrains this value even tighter, 
down to 1.21 [18,48]. Tung's model has also been demonstrated to fail 
over some temperature ranges [48] and when the defect patches are 
extrinsic (rather than intrinsic) [42]. Reverse bias IV measurements are 
also often consistent with the presence of image force lowering 
[15,16,63–66], as are measurements of the barrier height as a function 
of doping [30]. Tung's model doesn't include this effect, since the po-
tential maximum in front of the dominant pinched-off patches is moved 
away from the metal surface (and as such, the image force effect is 
reduced) [50]. 

Considering the difficulties associated with pure inhomogeneity 
models, it is our opinion that trap models should not be discounted. 
Evidence for the presence of electron traps at metal-semiconductor in-
terfaces has recently been found, with the detection of slow defects at 
metal-SiC interfaces [8–11] and at other metal-semiconductor interfaces 
[67–71]. Indeed, trap-based models, when combined with the image 
force effect, have been very successful at describing the forward IV 
characteristic of SiC Schottky diodes over a wide range of elevated 
temperatures even when n < 1.21 (i.e. these devices are in the regime 
where Tung's model is consistent and is often the preferred model) 
[15,16]. This is shown in Fig. 4. 

This is not to say that inhomogeneity is not present—indeed, even 
the presence of traps will create potential fluctuations at the scale of the 
mean trap separation. Nanoscale measurements have directly detected 
variations of the local potential across the diode area [42,72,73]. 
Additionally, there are some other anomalies which inhomogeneity is 
used to explain, such as smaller than theoretical Richardson constants 
and the mismatch between barrier heights measured using capacitance- 
voltage (CV) and IV techniques [7,47,49,56] (note that there are other 
contributions though, such as an interfacial layer or quantum- 
mechanical reflections at energies above the top of the barrier 
[25,74]). It seems that the likely explanation is that both effects are 
present at all metal-SiC interfaces in varying degrees, with the dominant 
mechanism depending on the specific metal/processing and on the 
temperature range being probed. 

2.5. Alternative methods of detecting fast traps 

Because a number of effects contribute to the ideality factor, alter-
native methods of detecting the interface traps would be desirable. One 
method would be to use the forward bias CV to measure the trap 
parameter. Eq. (6) predicts a reduced slope for the forward bias C-2 vs V 
plot. In theory, the trap parameter could be extracted directly from this 
slope. In practice though, the trap parameter is very small—less than 

0.05 for good diodes [15,16]. It is difficult to get an accurate enough 
measurement to detect this slope deviation. This is especially because in 
forward bias, we need to account for the diode current and other para-
sitic impedances in the measurement circuit, which makes this method 
difficult to perform reliably. Also, if the doping is not uniform, then that 
non-uniformity will cause slope deviations [7] which will mask the trap 
effect. 

The stretch-out of the IV characteristic is in many ways analogous to 
the CV stretch-out for MOS capacitors with interface traps. Therefore, 
some have adapted MOS capacitor measurement techniques to extract 
interface trap densities in SiC Schottky diodes. To do this, they will 
typically assume the presence of a very thin interfacial oxide, and then 
treat the system as a MOS capacitor [28,29,75]. The trap density is then 
extracted from the conductance-frequency plot. The method (for MOS 
capacitors) is covered in detail elsewhere [17,76–78]. 

Direct application of this method to Schottky diodes, however, is 
problematic. Since this measurement is performed in forward bias, the 
effects of the diode conductance and the series resistance need to be 
accounted for (see Fig. 5). The standard circuit used to interpret 
conductance measurements, shown in Fig. 5(a), does not account for 
this. This circuit issue becomes worse if there is no interfacial oxide 
layer, or if the layer is too thin to effectively act as a capacitor dielectric. 
If the series resistance can be ignored, then it may be possible to remove 
the diode conductance from the measured parallel conductance. How-
ever, now we are encountering an issue of measurement accuracy/ 
range, since the trap signal may be several orders of magnitude smaller 
than the conductance due to the forward bias current. 

Some groups have attempted this type of measurement, despite the 
issues [28,29,75]. Their results find a nearly constant trap density as a 
function of energy in the bandgap, which corresponds to a constant θ. 
While this supports a trap model for n, there are some issues with these 
measurements, as evident by the reported values. For example, Gupta 
et al. [28] measured the trap density for a SiC Schottky diode over a ~1 
eV range and found it to be 1.2 × 1013 cm− 2 eV− 1 (±4 × 1011 cm− 2 

eV− 1). From this, we can determine that the average separation between 
the traps is approximately 3 × 10− 7 cm. They also reported a lower 
bound for the capture cross section of 4.43 × 10− 11 cm2, which corre-
sponds to a trap radius of 3.8 × 10− 6 cm [28]. This is 10 times larger 
than the distance between the traps! The method of extraction implicitly 
assumes no interaction between adjacent traps [78], and yet these re-
sults would suggest that they should affect one another. Therefore, we 
must conclude that some aspect, either of the measurements or with the 
extraction method, is failing here. Our view is that it is likely the 
experiment, due to the difficulty involved in performing forward biased 
conductance measurements. For this reason, we caution against the use 
of this method without careful consideration of the differences between 
Schottky diode measurements and those of the MOS capacitors for which 
it was developed. 

2.6. Fast trap origins 

Since there has been disagreement regarding the origins of the ide-
ality factor, there has been significantly less investigation of the fast trap 
origins in Schottky interfaces as compared to MOS. One possibility is 
that similar types of SiC defects that are present in MOS structures could 
also be present in Schottky diodes. In particular, defects associated with 
carbon vacancies or interstitials [79,80], which could form if the metal 
reacts with the SiC to form a silicide layer. The most notable metals for 
which this could occur are Ni and Ti [81]. If the device is annealed, then 
some metal atoms may partially diffuse into the SiC, generating defects 
[82]. SiC deep level defects, if located near to the surface, may 
contribute to the interface traps [46]. In addition, it is expected that 
there will be a distribution of metal induced gap states (MIGS) at 
Schottky interfaces [57]. These are the tails of metal wave functions 
which penetrate and decay into the semiconductor surface, creating 
charged states in the semiconductor bandgap [57]. It should be noted 
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that it is not clear if MIGS charge can be changed by applying a forward 
bias, or if they are simply pinned to the metal [57]. Furthermore, MIGS 
models have encountered significant theoretical issues [57]. Oxide de-
fects may also play a role here, but only if there is a thin dielectric layer 
at the interface. 

3. Transient changes in the Schottky barrier height 

3.1. Effect description 

The work of several groups has indicated that the characteristics of 
some SiC Schottky diodes are unstable [8–11]. This is most clearly seen 
during forward bias stress measurements. These devices, when stressed 
with a constant forward bias current, exhibit an anomalous increase in 
the diode voltage over the course of the experiment [8,11]. An example 
of this is shown in Fig. 6. Alternatively, some have seen this effect 
manifest as a hysteresis in the forward IV, with the device conducting 
less current in the backward sweep compared to the forward sweep 
[9,10]. This is seen in Fig. 7. 

The typical first thought when seeing these effects, particularly the 
deviations during high current stressing, is that the device is merely 
heating up during the experiment. However, the change in character-
istics we observe is in the opposite direction to a heating effect [8]. An 
increase in temperature would cause a decrease in the applied bias (for 
constant current measurement), since a smaller voltage is required to 

produce the same current if the device is hotter. Along the same lines, we 
may also consider heating not of the interface, but of the series resis-
tance. Typically, the series resistance will increase as a function of 
temperature [15], and so can indeed cause the positive voltage drifts 
observed during stressing. However, comparison of the logarithmic IV 
characteristics pre- and post-stressing measurement (or comparing 
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forward and backward sweeps) shows a parallel shift, which suggests 
that the source of this instability is a change in the Schottky barrier 
height [8,10]. Changes in the series resistance would not impact the low 
current region. These parallel shifts are seen in both Fig. 6(b) for stress 
measurements and in Fig. 7 for hysteresis measurements. 

The only known methods by which the barrier could be altered 
during stressing are either that some physical damage has occurred at 
the interface (changing the interface structure), or if there are traps in 
the device which charge during the stressing and increase the barrier. 
Experiments have indicated that the barrier slowly recovers over time, 
and that this recovery can be accelerated by applying heat or a high 
reverse bias [8,10]. This barrier recovery is shown in Fig. 8. The ability 
to recover the barrier strongly suggests that this is a trap effect, rather 
than a physical change of the interface structure which would not be 
reversible in this manner. 

3.2. Trap-based model 

The transient behavior of traps can be understood in terms of their 
occupancy probability (ft). Changes in the occupancy function 

correspond to the generation of current, and a change in the stored 
charge. The occupancy of the traps will be governed by the following 
fundamental differential equation [78]: 

dft

dt
= rc(1 − ft) − rrft (13)  

where rc and rr are the rates of electron capture and release from the 
traps, respectively, and t is time. At steady state, the ft for these traps 
obeys the Fermi-Dirac distribution. The time it takes for the traps to 
reach the new steady state when the bias is changed will depend on the 
capture and emission times. For the traps responsible for the ideality 
factor, this time is negligibly short compared to the measurement time; 
therefore, the traps appear to always follow the applied bias 
[7–10,25–29]. However, the traps which generate the transient barrier 
height are much slower. 

The addition of negative charge to the interface due to electron 
capture will result in an increase in the barrier height [7–10,25–29]. 
Therefore, over the course of the stressing, the current/voltage drifts due 
to the increasing barrier. Constant voltage stress will cause the current to 
decrease over time, while constant current stress will cause the voltage 
to increase over time. This can be seen mathematically from Eq. (1). The 
lifetime of the trapped charge is sufficiently long that when the barrier is 
measured after the stressing is complete, it remains larger than before 
the stress. Hysteresis measurements show this effect directly; the traps 
do not become charged until a critical current level is reached, but then 
they remain charged during the backwards sweep. 

The traps can release their electrons via thermal emission or 
tunneling. Therefore, increasing the temperature or applying a reverse 
bias can be used to promote emptying of the traps, which matches the 
reported behavior [8,10]. 

3.3. Measurement techniques 

Since these traps mainly influence the device stability, the natural 
method for investigating this stability is to use stressing measurements. 
Both constant current and constant voltage stress can be used, however 
the best practice is to use constant current. The reason is because in 
constant current measurements, the voltage drop across the parasitic 
series resistance will remain fixed (assuming no heating). This leads to 
easier interpretation of the results; the change in the measured voltage 
during stressing corresponds to the change in the barrier height [8]. By 
contrast, constant voltage measurements need to account for the series 
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resistances. 
The choice of current (or voltage) for stressing is critically important. 

Using Shockley-Reed-Hall statistics, the capture rate of the traps is given 
by [78]: 

rc = σvthns (14)  

where σ is the capture cross section, vth is the thermal velocity and ns is 
the surface electron density (surface, in this case, meaning at the top of 
the barrier). The term vthns is equivalent to the current density (divided 
by q) in front of the trap [16]; if the current is uniformly distributed 
across the diode area, then this is also the current density of the entire 
diode. As such, the charging rate for traps in a Schottky diode is pro-
portional to the forward current. Therefore, a greater response will be 
observed for higher current levels. However, the current should not be 
so large that significant heating occurs. 

It is possible to avoid some heating/resistance issues by taking pe-
riodic IVs over the course of the stress. Then, the parallel shift can be 
used to monitor the barrier height intermittently. This removes the se-
ries resistance, opening the door for constant voltage measurements. It 
also allows us to detect interface heating (if the shift is not parallel) and 
removes resistance heating contributions (since the resistance is irrele-
vant at low currents). This technique can also be used to monitor the 
emission/recovery process. If desired, CV's can be used in place of 
IV's—the barrier can be monitored by analyzing the parallel shift in the 
C-2 vs V plot. 

Instead of stress, one can also use hysteresis measurements [9,10]. 
They are better for probing faster traps and are less prone to heating but 
fail to detect the very slow traps, which present the biggest performance 
issue. In this case, the barrier can only be monitored from the parallel 
shifts in either the IV or CV. As another alternative, one could attempt to 
measure the transient current produced as the traps emit their charges. 
The current produced by a trap with density Nt is [78]: 

It = qANt
dft

dt
(15)  

and the current of all the traps is the integral of Eq. (15) over energy and 
position. This current, however, is likely to be very small and may be 
hard to detect. 

For transient barriers, it is more difficult to approximate the trap 
distribution as was done for the ideality factor. One option, is to assume 
a sheet charge approximation as before, but this requires an assumption 
of the separation and does not easily allow for extraction of energy 
dependence. In the ideality factor measurements, and in MOS conduc-
tance measurements, energy dependence can only be determined 
because the traps reach steady state (thermal equilibrium) [7,78]. In this 
case, the traps do not reach this point, and so attempts to extract the 
energy distribution (for instance, by varying the stress current or using 
different sweep voltages in hysteresis measurements) won't necessarily 
be effective. 

Another option is to assume that the traps are evenly distributed 
throughout the space charge region. Omar et al. [9] used this assump-
tion and extracted a quantitative trap density using two methods: firstly, 
they used the area of the CV hysteresis loop. This can be converted into 
charge since the total interface charge is conserved [9]. This method 
works well but requires the charge to be completely emptied during the 
backward sweep. Secondly, they compared the practical IVs to the ideal 
IV, and used that to extract the excess interface charge. This was done for 
both the forward and backward sweeps, so that they could be compared, 
and the difference in charge due to trapping could be calculated. 
However, this method ignores the ideality factor completely and as-
sumes the theoretical value of A*; in practice, even without traps, A* is 
known to be smaller than theoretical, and should be extracted using a 
Richardson plot [7,47,49,56]. Furthermore, the effect of trap location on 
the barrier height is ignored. Also note that both techniques still have 
the same issue of being unable to determine the energy distribution. 

4. Discussion 

For SiC, almost all reports of this phenomenon have been with nickel 
anodes [9–11]. This is significant because nickel readily reacts with SiC 
to form nickel silicides, and so the Ni-SiC interface can exhibit poor 
morphology and interfacial layers between the two materials 
[19,28,29,83–86]. As of yet, the only report of this effect with a different 
metal was with Ti Schottky diodes on a plasma-etching damaged SiC 
wafer [8]. This suggests that a poor interface structure, either due to 
chemical reactions or physical damage, is necessary to generate traps at 
sufficient densities to observe transient barrier changes. That being said, 
there may also be an element of under-reporting here. Transient prop-
erties of Schottky diodes very rarely appear in literature, presumably 
because no effect is expected. Therefore, barrier height instability may 
be more common than it appears. 

The exact chemical origin of these slow traps is unknown. Fortu-
nately, it does appear that this effect can be effectively eliminated with 
the appropriate processing. Several reports of transient barrier heights 
also report on control diodes or diodes with different metalizations 
where the barrier appears stable [8,11]. Omar et al. [9] and Yuan et al. 
[10] have demonstrated that for Ni diodes, annealing at 800 ◦C was 
effective at eliminating the behavior. Some care needs to be taken when 
using annealing though, since annealed Ni easily forms Ohmic contacts 
to n-type SiC [81]. 

The impact of this effect on device performance depends on the 
circuit in question. For instance, SiC Schottky diodes have been sug-
gested for use as protective blocking diodes in solar arrays [11]. In such 
circuits, the diodes spend a significant amount of time conducting in 
forward bias, and so barrier height drifts will degrade performance [11]. 
In other circuit applications, the potential effects are not as severe. For 
example, in switch mode power supplies (such as buck converters), SiC 
Schottky diodes will be quickly switched on and off, and so many of the 
slow traps will be unable to capture electrons during the short time that 
the diode is conducting. Schottky diodes in this configuration will 
therefore take much longer to degrade. Although, even in this case, a 
diode without a transient barrier height would still be preferred. There 
are also some limited cases where the trap effects could be exploited for 
a benefit—most notably, by using a diode with traps as a type of neu-
romorphic circuit element (memristor). 

5. Summary 

The current state of knowledge regarding electron trapping effects in 
SiC Schottky diodes has been reviewed. Broadly speaking, the effects can 
be divided into two distinct phenomena: greater-than-unity ideality 
factors, and transient changes in the Schottky barrier height. These ef-
fects are both caused by a distribution (in energy and lateral depth) of 
interface traps in the SiC, whose occupancy state changes during the 
operation. The subset of fast traps which are able to follow the changing 
bias contribute to the ideality factor, while slower traps generate tran-
sient barriers. The ideality factor may be able to be explained with 
alternative models, however the transient barriers cannot and provide 
very strong evidence for the existence of interface traps in SiC Schottky 
diodes. Of the two effects, the transient barriers are potentially more 
impactful on device performance—more investigation is needed to 
determine the pervasiveness of this issue. Fortunately, slow traps appear 
to be able to be reduced or eliminated with appropriate processing. The 
chemical/physical origins of the traps responsible for either effect are 
not yet known. 
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The Role of Near-Interface Traps in Modulating
the Barrier Height of SiC Schottky Diodes

Jordan R. Nicholls , Sima Dimitrijev , Senior Member, IEEE,
Philip Tanner , Member, IEEE, and Jisheng Han

Abstract—The role of traps in the operation of Schottky
barrier diodes is poorly understood. To explore this,
SiC Schottky barrier diodes with a high density of near-
interface traps were intentionally fabricated. By applying
forward current stress, we demonstrate that the barrier
height can be changed by changing the occupancy of the
traps. The response time of these traps extends from sec-
onds to hundredsof seconds.We also show that these traps
can subsequently be emptied by thermal emission or by
tunneling. The results are inconsistentwith the existence of
an interfacial oxide layer,which shows that the traps are dis-
tributed in both energy and lateral depth and, consequently,
clarifies their role in creating the Schottky barrier.

Index Terms—Near-interface traps, Schottky barriers,
Schottky diodes, semiconductor–metal interfaces, silicon
carbide.

I. INTRODUCTION

SCHOTTKY contacts are one of the most important device
structures in modern electronics. Schottky barrier diodes

typically have a smaller forward voltage drop and faster
operating speeds than their p-n junction counterparts. They
are also important for their role in material characterization;
for example, the capacitance of a Schottky diode can be used
to measure semiconductor doping profiles.
The most fundamental property of a Schottky contact is the

barrier height. The Schottky–Mott rule states that the barrier
height should simply be the difference between the metal
work function and the semiconductor electron affinity (for
n-type) [1]. However, this is rarely observed in practice. The
problem of the anomalous barrier height (otherwise known
as the Fermi level pinning phenomenon) has been studied
for several decades. In that time, it has become clear that
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some interface charge is necessary to create the observed
barrier heights. Historically, traps (gap states) located at a fixed
distance from the metal surface have been identified as the
most common source of this charge. These have been used
to explain the Fermi level pinning [1] and greater-than-unity
ideality factors [2]–[3] on many different semiconductors.
Traps have also been directly measured using a variety of
measurement techniques [4]–[8].
Despite the confirmation of traps at various metal–

semiconductor junctions, their impact on device operation is
still poorly understood. Trap occupation is considered either
to be static (in order to create the barrier height) or to follow
the applied bias (to degrade the ideality factor). However,
this is inconsistent with the concepts of electron capture and
emission, whereby the time constant would vary with the trap
energy. Traps between these two extremes should, therefore,
exist and have an effect on the device operation. This would
particularly impact the wide bandgap semiconductors, due to
the larger range of possible trap energy levels (and hence time
constants) within the energy gap.
There have been some reports of the impact of the inter-

mediate time constant traps on the Schottky diode char-
acteristics. Omar et al. [9] have reported a hysteresis in
the current–voltage and capacitance–voltage responses of the
nickel–4H-SiC Schottky barrier diodes. They attributed this
to the traps that were filled during the forward sweep (thus
altering the barrier height) [9]. Furthermore, the hysteresis
disappeared after annealing, which they attributed to the
formation of a silicide at the interface that consumed the
traps [9]. Qian et al. [10] have measured a shift in the barrier
height and the series resistance of amorphous indium–gallium–
zinc-oxide Schottky barrier diodes after applying negative
biases. They explained this by the neutralization of positively
charged oxygen vacancies near the interface during stressing,
which increased the barrier height and changed the conduction
properties of the semiconductor [10].
In order to further explore the relationship between traps

and the barrier height, we have intentionally fabricated 4H-SiC
Schottky barrier diodes with a high density of near-interface
traps. SiC is a wide bandgap semiconductor suitable for
high-power and high-temperature applications. The size of
the bandgap (3.26 eV [11]) means that a larger range of
trap time constants is possible, which makes SiC an ideal
candidate for analyzing their impact. In this paper, we report
the unusual properties of 4H-SiC Schottky diodes with high
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Fig. 1. Comparison of the forward current–voltage characteristics of
the control and plasma etched 4H-SiC Schottky diodes. (a) Current–
voltage curves are plotted at five different temperatures (30 °C–230 °C,
50 °C steps) and are shown to lie almost exactly on the top of each
other. Richardson plots (adjusted for the zero bias image force, ΔφB)
for the (b) control and (c) plasma etched diodes are also nearly
identical. The barrier heights are 1.226 and 1.223 eV for the control
and plasma etched diodes, respectively. The Richardson constants are
46.8 and 37.6 Acm−2K−2, respectively.

trap densities. We propose physical mechanisms to explain
the observed effects, which can deepen the understanding
of the relationship between the traps and the barrier height
at the metal–semiconductor interfaces.

II. EXPERIMENTAL DETAILS

The 100-mm (1000)-orientated 4H-SiC wafers were used.
An n-type epitaxial layer was commercially grown on the
silicon face, and edge termination rings capable of blocking
>650 V were prepared. The surface of the epitaxial layer
was plasma etched to create traps. This plasma etching was
performed in an STS Multiplex ICP etcher with a standard
SiC-etching process at an etch rate of 2.5 nm/s. Afterward,
titanium and aluminum were sputtered to create the anode.
A nickel-silicide/aluminum back contact and a standard poly-
imide top passivation were used. A second wafer was also
prepared using the same process but without the plasma
etching damage (to act as the control).
Measurement of the diodes was performed using an Agilent

Technologies B1505A Power Device Analyzer connected to
a Materials Development Corporation probe station. Device
heating was achieved using a Quiet Chuck DC Controller.

III. RESULTS

A. Diode Comparison
A comparison of the control and plasma etched diodes is

shown in Fig. 1(a). The forward current–voltage characteristics
are almost identical, with the plasma etched diode having
slightly less current at all biases and temperatures. The barrier
height and the Richardson constants of the diodes are extracted
using the Richardson plots in Fig. 1(b) and (c). These plots
have been adjusted to account for the image force [12],
which is important because the doping on these diodes was

slightly different (1.1 × 1016 cm−3 and 8.4 × 1015 cm−3
for the control and plasma etched, respectively, as measured
by the capacitance–voltage characteristics). From these plots,
the barrier heights were calculated to be 1.226 and 1.223 eV,
respectively, the difference of which is within the experimental
error. There was a slight difference in the Richardson constants
of the two diodes (46.8 and 37.6 Acm−2K−2, respectively).
Some of this may be due to the systematic error, but it may
also indicate that the plasma etched diode has been slightly
damaged in some regions (so as to reduce the effective area).
Nevertheless, these results indicate that the plasma etching has
not adversely affected the diode characteristics.

B. Diodes Under Stress
The current through a Schottky diode in forward-bias is

given by the thermionic-emission equation [12]

I = AA∗T 2 exp
(−qφB

kT

)
exp

(
q(V − RI )

nkT

)
(1)

where I is the diode current, A is the area, A∗ is the Richardson
constant, T is the absolute temperature, q is the elementary
charge, k is the Boltzmann’s constant, qφB is the energy
barrier height, V is the applied bias, R is the series resistance,
and n is the ideality factor. According to (1), when a constant
current is applied, the voltage should be constant. However,
when a constant 1-A current is pushed through the Schottky
diodes with plasma-etched interfaces, the voltage is observed
to increase over time. This is shown in Fig. 2(a). Furthermore,
after 5 min of stressing, the forward [see Fig. 2(b)] and reverse
[see Fig. 2(c)] current–voltage responses have both shifted
with respect to the prestress characteristics so that the current
is lower at all applied biases. In contrast, the voltage of the
control diode remains almost constant, as predicted.
At first glance, it is tempting to attribute this phenomenon

to Joule heating. However, if the device was heating during
the stressing, then the voltage should actually decrease rather
than increase. This is because at higher temperatures, electrons
can traverse the barrier more easily and, therefore, less bias
is required to maintain the same current. This can be seen
mathematically in (1). As this is opposite to the observed
behavior, we can rule out this explanation.
Fig. 2 can be explained by the presence of the near-interface

traps.1 The barrier height, which has been assumed to be
constant in (1), is actually related to the total charge in traps
located a distance δ from the interface (metal surface) by [12]

qφB = qφm − qχs − qδQ
ε

(2)

where qφm is the metal work function, qχs is the semicon-
ductor electron affinity, Q is the trapped charge per unit area,
and ε is the permittivity of the near-interface layer. According
to (2), the increase in negative charge over time due to electron
capture will increase the barrier height. This will cause the
voltage to increase in order to maintain the constant current.

1The term “near-interface” is used here, rather than simply “interface,”
in order to make clear that the traps are not located at the metal surface, but
rather at fixed distances away from the surface and into the semiconductor.
Later, we will see that these traps must be distributed in distance from the
metal (see Section IV), so the term “interface traps” would be ambiguous.
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Fig. 2. Effect of stressing the SiC Schottky diodes by applying a constant
current of 1 A. (a) Diode voltage is plotted over the course of 5 min of
stressing. The voltage for the plasma etched diode is increasing over
time due to the electron capture at the interface, which increases the
barrier height. On the other hand, the voltage of the control diode remains
fairly constant. The difference in absolute voltage values between the
two is due to a slight difference in the series resistance. (b) Forward and
(c) reverse current–voltage characteristics of the plasma etched diode
before and after stressing. They have both shifted after the stressing due
to the increase in the barrier height.

Fig. 3. Band diagrams of the interface (a) before, (b) during, and
(c) after stressing. Open squares represent empty interface traps and
filled squares represent occupied traps. Note that the trap distribution is
illustrative only. Before stressing, only traps below the Fermi level (Ef)
are occupied. During stressing, electrons begin to be captured and
the barrier height begins to increase. When the stressing is stopped,
the traps do not immediately empty, and therefore, the barrier height
after stressing (qφ�

B) remains larger than the barrier height before
stressing (qφB).

This increase in voltage (or the shift in the current–voltage
characteristics) can, therefore, be used to measure the change
in the barrier height due to traps (the absolute value after
stressing cannot be measured, since the trap occupation would
change because of the heating).
This effect can be further understood using the band dia-

grams of the Schottky contact which are shown in Fig. 3.
Before stressing, only traps below the Fermi level are occupied
[see Fig. 3(a)]. When the current is supplied [see Fig. 3(b)],

Fig. 4. Change in voltage over time during diode stressing by applying
a constant current of 1 A is plotted at different temperatures. Measure-
ments were taken on five different virgin diodes to ensure that they each
began in equilibrium. The voltage change increases with temperature
up to 150 °C, after which it begins to reduce. The noise at elevated
temperatures is due to the Quiet Chuck DC Controller. The inset is the
same plot, but zoomed into the first 10 s to show that the initial rate is
proportional to the temperature.

the traps above the Fermi level begin to capture electrons,
thus increasing the barrier height over time. The rate of this
capture will be fastest initially (due to the greater number of
empty traps), and then, it will slow down as more traps are
filled, which matches the behavior shown in Fig. 2(a). After
the stressing is stopped [see Fig. 3(c)], the barrier height will
be increased due to the increase in the captured charge near
the interface. Some of the traps will empty quickly (either by
thermal emission or by tunneling), but deep traps (in energy
and/or distance from the interface) will remain charged for
some time. Therefore, the subsequent measurement of the
current–voltage responses will still show a larger barrier height
and, hence, less current [see Fig. 2(b) and (c)].

C. Effect of Temperature
We can further analyze the behavior of these traps by

examining their behavior at elevated temperatures. The change
in voltage over time during constant current stress at different
temperatures is shown in Fig. 4. Between room tempera-
ture (21 °C) and 150 °C, the total change over time increases
with temperature. At 200 °C and 250 °C, however, the total
change is reduced.
This can be explained by a combination of effects. The

capture rate of the near-interface traps will be proportional
to the capture cross section. As the temperature is increased,
greater thermal vibrations will increase the effective size of
the trapping centers. Hence, the trapped charge, and therefore
the barrier height and voltage, will increase faster at higher
temperatures. However, emission from traps by thermal exci-
tation into the conduction band will also be increased. As such,
at very high temperatures (200 °C and 250 °C in the case of
Fig. 4), the increase in emission will outweigh the increase in
capture, resulting in a reduction in the voltage shift (it begins
to saturate sooner). Under this model, we would expect that
the initial rate would increase with temperature across the
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Fig. 5. (a) Barrier recovery over time at different temperatures. These
measurements immediately follow the 5 min of stressing shown in Fig. 4.
After the current was turned off, the barrier height was periodically
measured to watch the recovery over time at different temperatures. The
change in the barrier height was calculated from the parallel shift in the
forward current–voltage characteristics at the respective temperatures.
Data have been normalized by setting the initial value to zero in order
to show the difference in emission rates. Note that the amount of shift
in the barrier/voltage at time zero is not the same at each temperature,
as shown in Fig. 4. The noise at elevated temperatures is due to the Quiet
Chuck DC Controller. (b) Arrhenius plot created using the initial rates
of barrier recovery from (a). If the room temperature point is excluded,
the data are well fit by an activation energy of 0.181 eV.

entire temperature range, because there are not yet enough
occupied traps for the emission rate to become significant.
This is exactly what is seen in the inset in Fig. 4, where the
graph has been zoomed in onto the first 10 s. In this region,
the rate increases with temperature across all of the measured
temperatures, as predicted by an increase in the capture cross
section.
Moreover, the rate of electron emission from the traps can

be compared when the stressing is stopped. This is shown in
Fig. 5(a). Here, it is clear that the rate of emission increases
with the temperature. This is true even though the stored
charge at the interface is different for each temperature;
in particular, it is comparatively low at 250 °C (see Fig. 4), and
yet the emission rate is still faster than at lower temperatures.
This further confirms the aforementioned explanation of the
thermal effects in Fig. 4.
The rate of change of the barrier height, and hence the

trap emission rates, at different temperatures, can be used
to estimate the trap activation energy. This is done in the
Arrhenius plot in Fig. 5(b). If the room temperature data point

Fig. 6. (a) Energy band diagram of the junction when large reverse
voltages are applied. Electrons can tunnel out of the traps into the semi-
conductor conduction band because the tunneling distance is reduced
by the bias. Tunneling emission into the metal is not shown, as it
is independent of the bias. (b) Barrier recovery is plotted over time
when different reverse biases are applied. A single diode was stressed
(by applying 1-A forward current) until the change in voltage was 45 mV,
followed by applying various reverse biases in order to empty interface
traps by tunneling. The biases were applied across the diode and a
100-kΩ series resistor. The change in the barrier height was calculated
from the parallel shift in the forward current–voltage characteristic.

is excluded, the data provide an activation energy of 0.181 eV.
This is a relatively low value, which can be explained by
several reasons. For one, the trap occupation is different at
each of the temperatures (as seen in the end values of Fig. 4),
and, in all the cases, the trapped charge appears far from
saturated, which may affect the extraction of the activation
energy. Also, a possible trap level at 0.181 eV would be far
too shallow to explain the charge lifetimes on the order of
minutes that are shown in Fig. 5(a) [13]. This indicates that
the traps are distributed in energy, with the initial rate being
dominated by the shallow traps that only contain a fraction of
the trapped charge.
Finally, the Arrhenius plot corresponds only to the ther-

mal emission of the electrons. However, at the metal–
semiconductor interfaces, we can expect the tunneling to occur.
The electrons should be able to tunnel out of the traps and
into the metal or into the semiconductor conduction band.
This is a temperature-independent process, which will add to
the thermal emission rate, and at low temperatures, it should
be the dominant mechanism. This can explain why the room
temperature data point deviates from the others, and it also
reduces the value of the extracted activation energy.

D. Effect of Reverse Bias
Tunneling emission from the traps can be enhanced by the

application of reverse bias. This is because the reverse bias will
increase the electric field at the semiconductor surface—this
reduces the lateral distance between the traps and the available
states in the conduction band (at the corresponding energy),
which results in an increased probability that a captured
electron will tunnel out of the trap. An energy band diagram
of this process is shown in Fig. 6(a).
To test tunneling emission from the traps, a single diode

was stressed until the barrier height had increased by approx-
imately 45 meV (compared with the measurements before
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Fig. 7. Change in the barrier height by cycling forward- and negative-
bias stress. Each stress cycle contains a positive (1 A for 5 min) and a
negative (−800 V for 5 min) half cycle. The Barrier height change was
calculated from the parallel shift in the forward current–voltage charac-
teristic. (a) Five cycles are plotted to show that the traps can be emptied
and refilled repeatedly. (b) First three current–voltage measurements
corresponding to the initial measurement (virgin device), and after the
first positive and negative half cycles, are plotted on the same graph for
comparison.

any stress). Various reverse voltages were then applied, and
the change in the barrier height was measured over time. The
results of these measurements are shown in Fig. 6(b).
Between 0 and 600 V (corresponding to a surface electric

field of approximately 1.65 MV/cm), there is very little
change. The rate remains fairly consistent, except for within
the first 5 s. This is likely because at lower voltages, we expect
that the tunneling emission probability will only be signifi-
cantly increased for shallow traps (where the thermal emission
probability is already high). Therefore, apart from the initial
increase in emission, voltages in this range do not have a
significant effect since they do not affect the deep traps, where
most of the charge appears to be located.
Between 675 (∼1.80 MV/cm) and 725 V (∼1.90 MV/cm),

there is a dramatic increase in the rate of emission from the
traps. This indicates that a high density of charge is now able
to tunnel out, suggesting a local peak in the trap distribution.
Unfortunately, it is not possible from this graph to determine
what energy this corresponds to, but we can infer that it must
be quite deep in the energy bands [much deeper than the
activation energy of 0.181 eV shown in Fig. 5(b)].
At 800 V (∼2.05 MV/cm), all of the traps at the localized

energy level are emptied very quickly, and the rate of emission
becomes very slow after several seconds. The fact that this
does not return to zero suggests that there is another localized
trap even deeper in the bandgap.
Fig. 6(b) shows, therefore, that the behavior of the diode

under reverse bias matches exactly what would be expected
if these effects were due to trapped charge near the interface.
It also shows that these traps have some amount of localization
in their energy levels.

E. Forward and Reverse Cycling
Near-interface traps should be able to be repeatedly filled

and emptied without degrading the diode. To test this,
the diode was cycled with positive (1-A forward current for
5 min) and negative (800-V reverse bias for 5 min) stress. The
change in the barrier height after repetitive cycles is shown in
Fig. 7(a).

The barrier height did not fully recover after each cycle.
This is not surprising, as we have seen in Fig. 6(b) that 800-V
reverse bias is not capable of emptying traps that are very deep
in the bands. For the most part though, each cycle filled and
emptied the same amount of charge from the traps. There is a
slight decay after subsequent cycles, but this could easily be
due to some heating of the device after so many stress cycles
(an increase in the temperature would not only increase the
trap emission but also cause a small error when extracting the
barrier shift).
The current–voltage characteristics of the virgin device, and

after the first positive and negative half cycle, are shown in
Fig. 7(b). Here, we can clearly see that even though the barrier
has not fully recovered, there appears to be no damage or
degradation of the diode properties. This matches what would
be expected if the observed effects were caused by the traps.

IV. DISCUSSION

In this paper, we have used the term “near-interface traps”
to make clear that the traps must be spatially separated from
the interface (metal surface). This is because, as can be seen
in (1), the charge directly at the interface (δ = 0) will not
impact the barrier height. An interface dipole is required to
form the barrier [1], which necessitates that δ > 0 (so that
the trapped charge creates a dipole with the induced image
charge in the metal). This leads to an important question
about the material structure of this separation. There are two
possible structures of the traps and materials that can create the
necessary separation of the charge from the metal as follows.
1) There exists an interfacial layer of, for instance, oxide,

which screens the traps from the bulk metal and effec-
tively creates a metal–insulator–semiconductor structure.

2) The plasma etching has damaged the semiconductor up
to a depth of several nanometers, creating traps that are
distributed in distance from the metal surface.

The issue with scenario 1 is that this would also mean
that the forward-current flow would be dramatically reduced,
because the electrons in the semiconductor’s conduction band
would also need to tunnel through this insulating layer.
We have shown in Fig. 5(a) that some trapped charge remains
even after 20 min (at room temperature), and it does not appear
that this trapped charge will be released for quite some time.
If the layer was thick enough, to prevent the trapped electrons
at the semiconductor interface from tunneling into the metal
for such a large period of time, then the normal thermionic-
emission current that occurs when a forward-bias is applied
would also have difficulty tunneling through this layer, and
therefore, we would not expect nearly as much current as is
observed.
Thus, it must be the case that the plasma etching is creating

a distribution of interface trap depths. This means that the
barrier height cannot be described by a single trap depth,
as in (2); rather, it would be necessary to sum over all trap
depths. Therefore, the barrier height is

qφB = qφm − qχs −
∑
i

(
qδi Qi

ε

)
. (3)
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The electrons trapped very near to the interface will have
a greater probability of tunneling into the metal, while the
electrons further from the interface will have an exponentially
decreasing probability. This means that the proximity of a
trap to the interface defines how “strongly” its occupation
is controlled by the metal. Traps at the interface will be
in equilibrium with the metal, while traps further from the
interface will not be. The traps further from the interface
are responsible for the very long lifetimes as shown in
Fig. 5(a).
It is important at this stage to address some of the criticisms

of the trap models which have been used in (2) and (3). These
are both “fixed separation” models, where the traps are located
a fixed distance away from the metal. However, fixed sep-
aration models for the traps at metal–semiconductor contacts
have attracted scrutiny in the past. Tung [1] has argued that the
fixed separation models are in conflict with some experimental
results and first-principles quantum mechanical calculations.
He claims that the barrier height can be explained by polar
interface bonds [1]. Also, the ideality factor, which can be
described by interface traps that follow the applied bias, can
be explained by other mechanisms (in particular, barrier height
inhomogeneity [14]).
In this paper, we have demonstrated the presence of traps

at the interface of SiC Schottky diodes and have shown that
the charge stored in these traps directly impacts the barrier
height. Importantly, this phenomenon cannot be explained
using polar interface bonds; therefore, this paper verifies that
the barrier height is directly impacted by the traps. This
is not to say that it is the only contribution—it may be
that a combination of charge from polar interface bonds and
traps is necessary to explain the barrier height. Furthermore,
the simple fixed separation model used in (2) and (3) may
only approximately describe how these traps impact the barrier
height. Nevertheless, it is clear from this paper that the near-
interface traps do exist at the metal–semiconductor interfaces
and they are a contribution to the barrier height that should
not, and cannot, be ignored.

V. CONCLUSION

SiC Schottky diodes with plasma etching damage under the
anode metal were fabricated. These diodes showed an unusual
behavior under constant-current stress, which can be explained
by the presence of near-interface traps created by the plasma
etching. This model was further probed and verified by ana-
lyzing the effects of temperature and reverse bias. In doing so,
we have directly shown that the traps are an important
contributor to the barrier height at the metal–semiconductor
interfaces. Furthermore, these results have important implica-
tions for semiconductor device engineering. The presence of

these traps may put limitations on the performance of Schottky
diodes, particularly on large bandgap semiconductors. On the
other hand, this may be a step toward being able to engineer
the height of the Schottky barrier by treating the interface to
create a desired interface trap distribution.
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Description and Verification of the 
Fundamental Current Mechanisms 
in Silicon Carbide Schottky Barrier 
Diodes
Jordan Nicholls1,2, Sima Dimitrijev  1,2, Philip tanner1 & Jisheng Han1

Attempts to model the current through Schottky barrier diodes using the two fundamental mechanisms 
of thermionic emission and tunnelling are adversely impacted by defects and second order effects. This 
has led to the publication of countless different models to account for these effects, including some with 
non-physical parameters. Recently, we have developed silicon carbide Schottky barrier diodes that do 
not suffer from second order effects, such as excessive leakage, carrier generation and recombination, 
and non-uniform barrier height. In this paper, we derive the foundational current equations to establish 
clear links between the fundamental current mechanisms and the governing parameters. Comparing 
these equations with measured current–voltage characteristics, we show that the fundamental 
equations for tunnelling and thermionic emission can accurately model 4H silicon carbide Schottky 
barrier diodes over a large temperature and voltage range. Based on the obtained results, we discuss 
implications and misconceptions regarding barrier inhomogeneity, barrier height measurement, and 
reverse-bias temperature dependencies.

Work on modelling the carrier transport through a metal–semiconductor contact began 80 years ago, shortly after 
Schottky’s paper demonstrated the formation of a potential energy barrier at the interface1. Thermionic emission 
theory, first derived by Bethe in 19422, has been shown to be the primary mechanism for the forward-bias current 
of Schottky barrier diodes manufactured on many different semiconductors. Regarding the reverse-bias current, 
it has been recognized that a model for the additional tunnelling mechanism has to be added to the thermionic 
emission, but no unique model could be established that would agree with measurements over any substantial 
temperature or voltage range. Instead, numerous different models of the tunnelling contribution appear in litera-
ture3–6, creating a confusion about the responsible physical parameters.

The problem has been the impact of defects and other second order effects, which add highly-variable compo-
nents to both the forward and reverse currents. For instance, the reverse bias current of silicon Schottky barrier 
diodes is dominated by carrier generation due to defects with mid-gap energy levels, located in the space charge 
region7,8. Field enhancement at the metal edge has also resulted in increased tunnelling currents for devices 
without an adequate edge termination9. The forward bias response also deviates from the fundamental theory; in 
particular, a fitting parameter called the ideality factor has been introduced and then attributed to several differ-
ent phenomena3,10–12.

Many authors have developed and applied models for either forward or reverse bias conduction, attempting 
to account for these additional effects. However, few studies address both bias polarities simultaneously. The sep-
arate treatment of the two polarities has resulted in models with questionable physical meaning of their param-
eters, because their independent fitting results in different values for the two different current directions. One 
would expect that the metal–semiconductor interface should be able to be described by a single set of funda-
mental parameters regardless of the direction of the current. While this makes logical sense, it is often ignored in 
favour of fitting arbitrary parameters to the experimental data. Consequently, this has caused confusion about the 
values of the physical parameters that describe the interface.
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Some groups have attempted a more thorough analysis of the carrier transport. Silicon Schottky barrier diodes 
with aluminium, copper, silver, and gold anodes have been studied for both current directions7–9. The reverse 
leakage was found to be primarily due to generation7,8 or edge leakage9. Padovani and Stratton showed that 
gold–n-type gallium arsenide diodes were dominated by tunnelling in forward and reverse bias, but there were 
discrepancies in the effective masses and barrier heights between the two bias polarities3. Hashizume, Kotani and 
Hasegawa modelled gallium nitride diodes under both forward and reverse bias over a small voltage range using a 
thin surface barrier model of the potential energy13. Two teams (Okino et al.14 and Blasciuc-Dimitriu et al.15) used 
parameters derived from the forward characteristic to describe the reverse leakage currents observed for silicon 
carbide (SiC) Schottky barrier diodes.

SiC is a next generation semiconductor suitable for high-voltage and high-temperature power applications. It 
allows for measurement over a greater range of voltages and temperatures than is possible for traditional silicon 
devices and, owning to its wide energy gap (3.26 eV for the 4H polytype16), additional currents due to genera-
tion and recombination are not present in metal–SiC contacts. With an adequate edge termination to eliminate 
the impact of edge leakage, the metal–SiC interface is the ideal structure for experimental verification of the 
fundamental equations for the two principle current mechanisms (thermionic emission and tunnelling). SiC 
Schottky diodes have been commercially available for more than a decade, but these diodes typically use a “junc-
tion barrier Schottky” structure with P–N junction pockets at the metal–SiC interface that significantly impact 
the reverse-bias current. Recently, we have been able to develop “pure” SiC Schottky diodes with an edge termi-
nation that removes the perimeter leakage.

In this paper, we show that experimental measurements of our Schottky barrier diodes in both forward and 
reverse bias can be accurately modelled by the two fundamental current mechanisms (thermionic emission and 
tunnelling) with a single set of physically meaningful parameters. The model used is derived from fundamental 
physics, keeping it as simple as possible while still maintaining the good match to experimental data. This work 
demonstrates that it is possible to manufacture diodes that are free from defects which dominate the current 
transport.

The Elements of The Fundamental Physical Model
The fundamental current equations can be derived by counting the number of electrons that arrive at the inter-
face at various energy levels, and determining their contribution to the current. This method is foundational to 
almost all current transport models for Schottky diodes, and has been described in the past5,17. To avoid possible 
confusion resulting from the proliferation of the number of models while we discuss the key physical parameters 
in this paper, we will show explicitly the essential modelling elements that are not obvious from the condensed 
form of the fundamental equation.

To begin, we need to count the number of electrons that hit the interface. Consider all electrons with a given 
velocity in the x direction (normal to the interface) due to thermal motion. Per scattering interval, all electrons 
within the scattering length will reach the interface. Multiplying the scattering length by the electron concentra-
tion (n), and using the relationship between the scattering length and the thermal velocity, the number of hits per 
unit time and area (Nhits) is

= −N v n (1)hits th x

where vth−x is the component of the electron velocity normal to the interface. The energy barrier at the interface 
prevents most of these electrons from contribution to the current. Multiplying by the probability (P) that an 
electron will traverse the interface, either by thermionic emission over the barrier or by tunnelling through the 
barrier, we arrive at following basic equation for the current density (j):

=j qPN (2)hits

where q is the elementary charge.
Both the probability and the number of hits will vary with the kinetic energy of the electrons. To account for 

this, we can write eq. (2) in the following differential form, and then integrate over all energy levels to arrive at 
the total current:

= − − −dj qP E N E dE( ) ( ) (3)kin x hits kin x kin x

where = = θ
−

−
⁎ ⁎

Ekin x
m v m v

2
( cos )

2
th x th

2 2
 is the energy associated with motion in the x direction, θ is the angle 

between the x axis and the direction in which any particular electron approaches the interface, and m* is the 
effective mass of the electrons. The total thermal velocity of each particular electron is vth.

If we apply the free electron model, then it is possible to derive an explicit form for Nhits(Ekin−x). The result of 
this derivation, which is shown in the supplementary materials, is

π
=







+




− 






−

−
⁎

N E m kT
h

E E
kT

( ) 4 ln 1 exp
(4)hits kin x
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3

where k is Boltzmann’s constant, T is the absolute temperature, h is Plank’s constant, and EF is the Fermi level. 
Substituting eq. (4) into eq. (3), we find that
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This is the foundation of most models of Schottky diode current for both bias polarities. For forward bias 
(Fig. 1a), we can assume that the quasi-Fermi level is flat throughout the space charge region, and we can neglect 
tunnelling. Under these assumptions, the probability P can be taken as 1 when Ekin−x ≥ EF + qφB − qV and 0 oth-
erwise, where qφB is the energy-barrier height, and V is the applied forward-bias voltage. Solving the integral in 
eq. (5) with these assumptions, we arrive at the well-known thermionic-emission equation for the current from 
semiconductor to metal only2,

φ
=




− 












⁎j A T q
kT

qV
kT

exp exp
(6)

B2

where = π⁎ ⁎
A qm k

h
4 2

3  is the Richardson constant.
A number of factors contribute to the barrier height. To a first order approximation, the barrier height is con-

trolled by the metal work function and the semiconductor electron affinity. However, this alone does not account 
for the measured barrier heights of many diodes—interface charge and the image force are both important factors 
that cannot be avoided. The total equation for the barrier height is18

φ φ Δφ
δ
ε

= − +q q q q D V
(7)B B B

s

s
,0

2

where qφB,0 is the zero bias barrier height (excluding the image force), εs is the static permittivity of the semicon-
ductor, δ is the distance of the interface traps from the metal surface, and Ds is the density of interface traps (units: 
m−2eV−1). For the traps, we have assumed a constant density of acceptor type traps whose occupancy follows the 
applied forward bias. The image force correction (qΔφB) is given by Δφ = ξ

πε ′
q q2B

q
16 s

18, where ε′s is the image 
force permittivity and ξ is the surface electric field in the semiconductor (which can be calculated using the 
one-dimensional Poisson equation). The image force permittivity may be the low or high frequency permittivity, 
depending on a number of material factors (for instance, does the material fully polarise in response to a carrier’s 
electric field within the short crossing time11). For the set purpose in this paper, we will use the low frequency 
value, as others have done for SiC14.

For reverse bias, the final term in eq. (7) is not included (as the population of traps is controlled by the metal 
Fermi level in reverse bias), and so the barrier height only varies via the image force. However, now tunnelling 
can no longer be neglected. Many different models of the probability function have been used3–6 and, together 
with analytical approximations to eq. (5) 3–5, has been another contributing factor to the large number of different 
models.

In this work, we will use a Wentzel–Kramers–Brillouin (WKB) approximation to calculate the probability 
function for tunnelling. To simplify the fitting, we can approximate the potential energy as trapezoidal, defined 
by a constant surface electric field, but truncated by the image force. This can be seen as the dashed line in Fig. 1b. 
In the region where tunnelling occurs, this potential shape is equivalent to the more realistic truncated parabolic 
potential for high reverse biases (greater than 100 V), because the field near the interface is approximately con-
stant. A non-truncated potential (one where the image-force rounding is included) is not suitable for the type of 
fitting we are using due to the increase in computation it requires.

The total probability function for reverse bias is given by

Figure 1. Energy-band diagrams for (a) forward and (b) reverse bias conduction. The fundamental conduction 
mechanisms of thermionic emission and tunnelling (for reverse bias) are indicated by the arrows. The dotted 
lines indicate the shape of the potential energy in the absence of the image force, while the solid lines are the 
actual potential. In (b), the trapezoidal approximation used in eq. (10) is indicated by the dashed line.
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where mt* is the tunnelling effective mass and Eφ = EF + qφB,0 − qΔφB − Ekin−x. Note that the tunnelling effective 
mass is not the same as the effective mass in eq. (6) and will be measured independently. More complex theo-
retical calculations indicate that mt* can have an energy dependence; however, our experimental results did not 
indicate that it was necessary to introduce a more complex parameter than the constant mt*.

An important consideration is what effective mass value (or Richardson constant) to use in eqs. (5) and (6). 
The bulk effective masses of the two materials may not be applicable to the interface, as device processing may 
cause damage or introduce impurities, causing it to no longer behave like bulk metal or semiconductor. In addi-
tion, the equations we have outlined here do not account for quantum mechanical reflections or back scattering—
these omissions will result in a reduction in the effective mass measured from Schottky diode current–voltage 
characteristics as compared to theoretical values19.

There is also the issue that, in order for the net current to be zero at equilibrium, the conduction in both 
directions must be governed by the same effective mass. This is despite the fact that these are two very different 
materials which will not have the same mass, and so there must be some mechanism to equalise the current. Some 
theoretical treatments suggest that, to a first approximation, the effective mass of the semiconductor should be 
used20. This is because the image-force reduced barrier is entirely located inside the semiconductor, but since the 
current still originates from the metal its distribution should still be controlled by the metal mass. A more com-
plex analysis involves considering the conservation of momentum parallel to the interface14. Doing so results in 
a shift in Ekin−x based on the energy and mass tensor components parallel to the interface; this can reduce the net 
current, but in general this alone will not balance the currents.

We propose the following solution to this problem: If we reframe the equilibrium condition from equating 
the Fermi levels to equating the electron flux, then it is clear that the net current will change the semiconductor 
depletion width (similar to when a bias is applied) until the forward and reverse currents are balanced. In the case 
of non-equal effective masses, this means that there will be a shift in the semiconductor quasi-Fermi level with 
respect to the metal Fermi level, which changes the barrier to electrons on the semiconductor side of the interface. 
The change in energy barrier (which we will label as qVm) that will balance the two opposing currents is

=










⁎

⁎qV kT m
m

ln
(9)

m
m

s

where mm* and ms* are the effective masses of the metal and semiconductor. This factor should be subtracted 
from the barrier height in the equation for the semiconductor to metal current. By including it in eq. (6), the 
current from semiconductor to metal becomes
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The result in this new formulation that the effective mass of electrons in the metal determines the current from 
the semiconductor is also in agreement with experimental results which show that the effective mass is affected 
by the choice of metal14,21.

Experimental verification. We can see from this derivation that a Schottky barrier diode governed only by 
the fundamental mechanisms of thermionic emission and tunnelling and with no other second order effects has 
four parameters which need to be extracted from the current-voltage characteristics in order to fully describe the 
carrier transport. These are the barrier height (qφB,0), the interface trap parameters (δDS), and the two effective 
masses (mt* and m*).

To verify the fundamental model, we applied it to 4H-SiC Schottky diodes with two different doping profiles. 
This is in order to determine if they can be described by these four parameters only or if second order effects are 
necessary to consider. Details of the two doping profiles, obtained from capacitance measurements, are shown in 
Table 1. The resulting fits of the fundamental equations are plotted against the measured data in Figs. 2 and 3, and 
the parameters extracted from the fitting are listed in Table 2.

Blocking voltage

650 V 1200 V

Doping (cm−3)
Epitaxial layer 8.5 × 1015 5.5 × 1015

Buffer layer 5.4 × 1017 1.2 × 1017

Epitaxial layer thickness (μm) 4.4 9.5

Table 1. Doping and thickness of the n-epitaxial layers, obtained by high reverse capacitance–voltage 
measurements at room temperature.
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Figure 2. Comparison of measured and modelled current–voltage characteristics of 650-V diodes for both 
forward (a) and reverse (b) bias at temperatures from 30 °C to 240 °C in 30 °C steps.

Figure 3. Comparison of measured and modelled current–voltage characteristics of 1200-V diodes for both 
forward (a) and reverse (b) bias at temperatures from 30 °C to 240 °C in 30 °C steps.

Blocking voltage

650 V 1200 V

φB,0 (eV)

From forward 
bias 1.210 1.215

From reverse 
bias 1.203 1.213

m*/m0 0.359 0.312

mt*/m0 0.273 0.286

δDs (m−1eV−1) 1.65 × 107 1.39 × 107

Table 2. Values of the fitting parameters for both diode samples.
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The agreement between the model and the experimental data is extremely good for both bias directions on 
both samples, although there are some areas where the model deviates from the experimental data. In forward 
bias, the measurements at high currents curve away from the theoretical model. This is due to the series resistance 
of the diodes, which has not been included here because this effect is well known and its modelling is by straight-
forward application of Ohm’s law.

The fundamental model also fails to describe the reverse bias currents at low temperatures, and in particular 
low biases, for both diodes. We conclude that this is due to defects, based on an analysis of the variations between 
diodes on the same wafer (illustrative results are shown in Fig. 4 for the case of 1200 V diodes). At low temper-
atures, there is considerable scatter in the leakage currents; however, these same diodes have nearly identical 
currents when measured at high temperatures. This shows that the deviation is due to defects—the model works 
well at high temperatures, since the current through the main diode area dominates the defect current, but at low 
temperatures the defect current results in a failure of the model to match the experimental data. This defect cur-
rent is due to tunnelling and not thermionic emission, since there is no evidence of these defects in the forward 
characteristics (the forward currents of all of the diodes in Fig. 4 are practically identical). Some possible sources 
of this defect current are roughness in the main diode area or leakage through the edge termination.

There is also a small difference in the barrier heights between the forward and reverse characteristics. There 
are two factors which could contribute to this deviation. The first is the use of a trapezoidal approximation 
of the potential energy, which could cause an error in the fitted barrier height in reverse bias. The second is a 
small change in the occupation of the interface traps in reverse bias, for instance due to a slight decrease in the 
quasi-Fermi level in reverse bias22. In any case, the agreement between the barrier heights here is very good and is 
much better than what is typically observed between different barrier height measurement techniques.

Implications. Barrier inhomogeneity. For forward bias conduction, changes in the barrier height with volt-
age are often modelled with a fitting parameter called the “ideality factor”. In this work, we have successfully 
accounted for this ideality factor with the image force and interface traps. However, this is not the only possible 
explanation. In particular, barrier height inhomogeneity has been used to explain the ideality factors of many 
different diodes. There are several different ways to model inhomogeneity, but the approach that could potentially 
explain these results without invoking arbitrary non-physical parameters is the Tung model10.

The Tung model describes the behaviour of nano-scale patches of lower barrier height amongst a higher bar-
rier background10. In particular, he finds that the potential in front of the patches is “pinched off”, which causes 
the barrier to be voltage dependent10. However, we can rule out this type of inhomogeneity for a few reasons. For 
one, his model predicts temperature dependencies that are not consistent with our measurements, and we find 
that our data is consistent with the presence of the image force in forward bias, which is in conflict with his model. 
The biggest argument against that model though is that the low barrier patches should not be pinched off in 
reverse bias and the current should be dominated by these low barrier patches, but our results show a good agree-
ment between the barrier heights in forward and reverse using the same effective mass and area. This indicates 
no barrier height inhomogeneity, and therefore we conclude that the Tung model is not suitable for the Schottky 
diodes used in this paper.

Ideality factors better than 1.2 (with 1 being ideal) are commonly assigned to inhomogeneity (at least for 
SiC)23. The diodes in this paper have ideality factors better than 1.1 but, as explained previously, there is no evi-
dence of barrier height inhomogeneity. For this reason, we would like to caution against the use of barrier height 
inhomogeneity to explain the ideality factors of diodes without first considering if it is consistent with the reverse 
characteristic.

Barrier height measurement. It has often been observed that different barrier-height measurement techniques 
obtain different results. Capacitance methods are in general considered more reliable than current and current–
temperature methods. A common argument against the use of current methods is that they are heavily impacted 
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Figure 4. Histogram of the measured currents of eight 1200-V diodes at 1000 V reverse bias. Measurements 
at 30 °C and 240 °C are shown to compare the relative scatter. The modelled currents at these temperatures and 
voltage are included as dashed lines.
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by defects in the diode area. Tunnelling, barrier inhomogeneity, and the image force [if it is not included as it is in 
eq. (7)] can all result in incorrect extraction of the barrier height from current methods. Furthermore, traditional 
methods of extraction by fitting straight lines to the linear portions of the forward current–voltage characteristics 
are prone to error. It is for these reasons that researchers have favoured the capacitance method for barrier height 
measurement. However, capacitance measurements are indirect and require knowledge of the difference between 
the metal Fermi level and the bottom of the conduction band. As we have shown, the shift due to the different 
effective masses on either side of the interface will change the relationship between the metal Fermi level and the 
bottom of the semiconductor conduction band (at equilibrium), causing this method to be in error.

In this paper, we have demonstrated an excellent agreement between the barrier heights extracted using inde-
pendent (except for the effective mass) fitting between the forward and reverse bias directions. The corroboration 
of two different measurements gives increased confidence that this barrier height is correct. Additionally, these 
methods are direct, and all parameters involved in the calculation of the barrier height, except for the semicon-
ductor permittivity, are obtained from measurement of the diodes in question. The present results would suggest 
that, assuming that the absence of defects has been verified over some temperature range, fitting of the forward 
and reverse current–voltage characteristics is the most accurate method for barrier height extraction.

Temperature dependence of reverse bias current. The strength of the temperature dependence in reverse bias may 
be surprising, since it should be dominated by the temperature-independent tunnelling probability. Equation (6) 
does involve a temperature dependent term, but the responsible physical mechanism is not obvious from that 
summary equation.

To analyse the temperature dependence, let us first divide the modelled reverse current at three temperatures 
(30, 150 and 240 °C) into the two fundamental mechanisms (thermionic emission and tunnelling). This is shown 
in Fig. 5. Not only do we find that there is a temperature dependence in the tunnelling current, but it also shows 
that thermionic emission over the barrier is a significant contributor to the current at higher temperatures. Even 
this is somewhat surprising considering the height of the barrier, which is greater than 1 eV at all applied biases. 
Common thinking regarding the distribution of electrons is to consider that the number of electrons with ener-
gies greater than 2–3 times the thermal voltage (kT/q) above the Fermi level is negligible, which implies that there 
should be no thermionic emission at the temperatures used in this paper.

We can calculate just how many electrons are creating this thermionic current. For instance, at 0 V and 240 °C 
on the 1200 V sample, the barrier height is 1.19 eV. From this, we calculate that the concentration of electrons in 
the metal with kinetic energies greater than the height of the barrier is 5.9 × 108 cm−3 (using EF = 13.47 eV24). The 
concentration of free electrons in titanium is about 5.7 × 1022 cm−3, and so we can see that only one in roughly 
every 1014 electrons contribute to the measured thermionic current. The following analysis can help us visualize 
this apparently insignificant fraction of electrons. The area of the diodes on the 1200 V sample is 4.08 mm2, which 
means that the number of electrons with energies greater than the barrier height per unit length away from the 
interface is 2.4 nm−1. Since there is no field, and hence no preferred direction of motion in the metal, only half 
of these will be moving towards the interface. Furthermore, only those within the scattering length can contrib-
ute during each scattering time interval. The mean free path in elemental metals range from 1–50 nm25; taking 
lsc = 10 nm, then there would only be 12 electrons hitting the interface during the scattering time. Finally, some 
of these electrons will be reflected (either quantum-mechanically or due to a steep incidence angle), so we can 
expect that fewer than 10 electrons are responsible for the approximately 0.8 μA of electric current flowing from 
the metal into the semiconductor at 0 V.

The reason that so few electrons can cause such a large current is that the scattering time is extremely short, 
and that is because the thermal velocity of the electrons is very large. The slowest electrons that can contribute to 
thermionic emission have kinetic energy equal to the barrier height, and their thermal velocity is 3.6 × 106 m/s, or 
1.2% the speed of light. Referring to eqs. (1) and (2), we can see that the large thermal velocities of the electrons 
with energies higher than the barrier height balances their extremely low concentration, resulting in number of 

Figure 5. Modelled reverse-bias currents at 30, 150, and 240 °C for the 1200-V diodes. Currents are divided 
into the two mechanisms: thermionic emission (circles) and tunnelling (triangles). Solid lines indicate the total 
current, which is the sum of the thermionic and tunnelling components.
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hits corresponding to the observable current of 0.8 μA. It has been known for some time that electrons in metals 
can have very high velocities, but this fact has eluded the common intuitions and heuristics about Schottky diode 
current. A possible reason is that textbooks present average values of the thermal velocity, which is well below the 
velocities of the small number of high-energetic electrons that make the measured current.

With this in mind, we can now explain the temperature dependence of the tunnelling current. As the tempera-
ture is increased, the number of electrons at higher energies is also increased. Although the concentration of these 
electrons is still quite small, their thermal velocity is very large, resulting in a significant increase in the number 
of hits per unit time, as can be deduced from eq. (1). In addition, at higher energies the tunnelling probability is 
greater. These two factors result in the tunnelling current increasing with temperature, despite the fact that the 
tunnelling itself is not temperature dependant. In the past, authors have distinguished this type of current from 
tunnelling of electrons near the Fermi level (so called “field emission”) with the name “thermionic-field emission”, 
to describe that it is the tunnelling of electrons that have been thermally excited (but not enough to go over the 
barrier). We have not made this distinction in this paper, since the boundaries between them are arbitrary.

Two dimensional materials. The derivation of metal–semiconductor current transport that is presented in this 
paper also has implications for the emerging fields of two-dimensional (2D) electronic devices. Some examples of 
these materials include graphene and the 2D electron gas in GaN/AlGaN heterojunctions. The model presented 
here assumes a three-dimensional (3D) free electron gas in the semiconductor and the derivation makes it clear 
that the current equations would be very different for 2D materials. Nonetheless, the particle-wise approach 
shows that the current from metal to the 2D electron gas, either at the GaN/AlGaN heterojunction or graphene, 
may be described by the 3D model, whereas a model for the 2D electron gas will be needed for the opposite cur-
rent. Some groups have attempted to account for these effects and modify the current equations26, but there is still 
more work to be done in this regard.

Methods
Device fabrication. The Schottky diodes were fabricated using 100-mm 4H-SiC wafers with (1000) orien-
tation and with commercially grown n-epitaxial layer on the silicon face. Two different doping levels with two 
different thicknesses were specified, according to the standard design for blocking voltages of 650 V and 1200 V. 
The measured doping and thickness values are shown in Table 1. Following the preparation of adequate edge-ter-
mination rings, titanium and aluminium were deposited and annealed to create the Schottky contact on the 
n-epitaxial layer. The processing was completed by a standard nickel-silicide contact and silver metallization on 
the back of the wafer, and a standard polyimide passivation of the top surface.

Measurement and analysis. Forward current–voltage, reverse current–voltage, and capacitance–voltage 
measurements were taken at eight different temperatures (from 30 °C to 240 °C in 30 °C increments). All meas-
urements were performed by an Agilent Technologies B1505A Power Device Analyser, connected to an MDC 
probe station with chuck heating by a Quiet Chuck DC Controller. To measure the doping profile, high voltage 
capacitance–voltage measurements were taken at room temperature.

Brute-force searches were used to determine the best values of the fitting parameters qφB,0, m*, mt*, and the 
δ
ε

q Ds

s

2
 parameter in eq. (9). The fitting error was calculated using a least squared approach applied to the log current 

data. For forward bias, all of the eight temperatures were simultaneously used in the search. For reverse bias, the 
highest temperature was used and additional temperatures were added until the fit was no longer good (indicating 
defects). This occurred at 90 °C, so the fitting in this paper used only the temperatures greater than or equal to 
120 °C. The fitted value of m* from forward bias was used in the reverse bias fitting. Forward bias fitting was lim-
ited to currents less than 5 mA, while reverse fitting bias was limited to voltages greater than 100 V. The value of εs 
and ε′s was 9.66ε0

14, where ε0 is the permittivity of free space.

Data Availability
The datasets analysed during the current study are available from the corresponding author upon reasonable 
request.
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Description and Verification of the Fundamental Current Mechanisms in 
Silicon Carbide Schottky Barrier Diodes 

 
Jordan Nicholls, Sima Dimitrijev, Philip Tanner, Jisheng Han 

 
Note: Consult the main text for the meaning of any symbols that are not explained here.  
 
First, let us find the concentration of electrons as a function of the total kinetic energy, Ekin-T. The 
number of electrons with kinetic energy between Ekin-T and Ekin-T +dEkin-T is simply the density of 
electron states, D, multiplied by their probability of being occupied and by the differential element. 
Using the free electron model, the density of states is given by 

𝐷(𝐸 ) =
√ ( ∗)

𝐸  (S1) 

The occupation of these states is governed by Fermi-Dirac statistics: 

𝑓(𝐸 ) =
 

 (S2) 

 
With the assumption of an isotropic effective mass, any Ekin-T defines a sphere in velocity space. This 
represents all of the different velocity vectors whose magnitude corresponds to the chosen Ekin-T. If we 
also assume that there is no preferred direction for thermal motion, then all of the electrons with a 
chosen Ekin-T would be evenly distributed over the surface of the corresponding sphere. The radius of 
the sphere is the thermal velocity, vth. 
 
The velocity normal to the interface (vth-x) is a function of position on the surface of the sphere. If we 
choose a differential surface area element, then all of the electrons in that differential element will 
have the same vth-x, and so the current for this element can be calculated. Integrating over half of the 
sphere (only those electrons traveling towards the interface) and over all energy levels, we get 

𝑗 = 𝑞 ∫ ∫ 𝑣 𝐷(𝐸 )𝑓(𝐸 )𝑃(𝐸 ) 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝐸  (S3) 

Using 𝑣 = 𝑣 cos 𝜃, we can move the thermal velocity, density of states and Fermi-Dirac 
distribution terms outside of the  integral, since they are all constants for a particular sphere: 

𝑗 = ∫ 𝑣 𝐷(𝐸 )𝑓(𝐸 ) ∫ 𝑃(𝐸 ) sin 𝜃 cos 𝜃 𝑑𝜃𝑑𝐸  (S4) 

Since Ekin-T is a constant in the  integral, we can convert it to an integral over Ekin-x in the following 
manner: 

𝐸 = 𝐸 cos 𝜃 ,    ∴  = −2𝐸 cos 𝜃 sin 𝜃 (S5) 

Therefore, 

𝑗 = ∫ 𝑣 𝐷(𝐸 )𝑓(𝐸 ) ∫ 𝑃(𝐸 )𝑑𝐸 𝑑𝐸  (S6) 

 
We will introduce a new term, Ekin-p, which is the kinetic energy associated with motion parallel to the 
interface plane such that Ekin-T = Ekin-x + Ekin-p. Changing the order of integration in Eq. (S6) and 
changing Ekin-T to Ekin-p, we arrive at 

𝑗 = ∫ 𝑃(𝐸 ) ∫ 𝑣 𝐷(𝐸 )𝑓(𝐸 )𝑑𝐸 𝑑𝐸  (S7) 

Substituting Eqs. (S1) and (S2) and using 𝑣 = ∗ , we find that the Ekin-T terms cancel: 

𝑗 =
∗

∫ 𝑃(𝐸 ) ∫
 

𝑑𝐸 𝑑𝐸  (S8) 

If the Ekin-p integral is performed explicitly, we arrive at Eq. (5) from the main text, and by comparing 
with Eq. (3) from the main text, we get Eq. (4) for the number of hits. 
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ABSTRACT We develop a complete compact model to describe the forward current, reverse current, and
capacitance of SiC Schottky barrier diodes. The model is based on the fundamental current mechanisms
of thermionic emission and tunneling, and is usable over a large range of voltages, temperatures, and for
a large range of device parameters. We also demonstrate good agreement with measured data. Furthermore,
the development of this model outlines a methodology for transforming a tunneling equation into a compact
form without numerical integration—this methodology can potentially be applied to other device structures.

INDEX TERMS Schottky barriers, Schottky diodes, semiconductor device modeling, compact modeling,
semiconductor–metal interfaces, silicon carbide.

I. INTRODUCTION
Silicon carbide is one of the most important wide bandgap
semiconductors on the market today. SiC has better ther-
mal properties and a larger breakdown field than Si, which
allows it to perform better than Si in power devices and
in harsh environments [1]. When compared to other wide
bandgap semiconductors, the ability to grow a native oxide
has allowed SiC technology to progress at a much faster
rate. SiC MOSFETs have been commercially available since
2010, while SiC Schottky diodes have been on the market
for nearly two decades [1].
To best facilitate the use of these SiC devices, compact

device models are required. Unfortunately, such models are
often not available. This is particularly the case for SiC
Schottky diodes which, despite being a relatively simple
structure and being available for a long time, still do not have
an accompanying device model. This is primarily due to the
difficulty in accurately describing the reverse bias current,
which contains a significant tunneling contribution. Some
models for this have been reported [2]–[9], however they
require (at the minimum) numerical integration, which makes
them too computationally expensive for circuit simulations.
In this paper, we develop a compact model from the

ground up which is applicable over the entire range of

typical device operation. Our model is based on the fun-
damental physics, and so maintains the appropriate voltage
and temperature dependencies. We also demonstrate a good
match between our compact model and the practical device
characteristics.

II. OVERVIEW OF THE COMPACT MODEL
The simplest and most commonly used device structure for
a Schottky barrier diode is depicted in Fig. 1 a. It consists
of a metal anode contact deposited onto an epitaxial SiC
layer, which itself is grown on top of a SiC substrate. The
epitaxial layer has a much lower doping concentration than
the substrate. An edge termination is employed to limit the
field at the metal corners. We will assume that the edge
termination is effective at limiting the field so that the corner
conduction can be neglected. The type of termination is not
important, provided that it is well designed. A low resistance
Ohmic contact is deposited on the back of the wafer.
The equivalent circuit which we use in our compact model

is shown in Fig. 1b. It consists of four components: two vari-
able current supplies, which are used to model the forward
(IF) and reverse (IR) bias currents, a shunt capacitance (CD),
and a series resistance (Rs). Together, these four elements
describe the Schottky barrier diode. The equations that model

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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FIGURE 1. (a) Structure of a Schottky barrier diode. (b) Equivalent circuit
of a Schottky barrier diode, consisting of two current sources (for the
forward and reverse bias currents), a shunt capacitance and a series
resistance.

each of these components are summarized in Table 1, and
the meanings of the symbols is given in Table 2. Note that in
this work, we will only consider the unavoidable fundamen-
tal mechanisms—defects that can cause elevated reverse bias
leakage at low temperatures [2], far-from-ideal forward bias
characteristics [11]–[19], and transient changes in the device
parameters [19]–[21], will not be considered. The next sev-
eral sections will describe, in greater detail, the development
of these equations.

III. FORWARD BIAS CURRENT
The forward bias current of SiC Schottky diodes is primar-
ily due to thermionic emission [2]. The thermionic emission
equation is given in (1). Here, we have included the barrier
lowering due to the image force and the bias dependence
of the barrier height due to near-interface traps [see (13)
and (14)]. These parameters replace the commonly used
ideality factor. A large non-ideality factor (n > 1.2) usu-
ally indicates the presence of barrier inhomogeneity [19];
for these devices, they can still be modeled using (1), but
the temperature dependence may be incorrect.
There are four primary parameters that need to be

extracted to model the forward bias current. These are the
area (A), the zero bias barrier height (�B,0), the conduction
effective mass of the metal anode (m*), and the near-interface
trap parameter (θ ), which can range from 0 to 1 and describes
the increase in barrier height with voltage due to the increas-
ing occupancy of the traps. The near-interface trap parameter
is related to the density and position of near-interface traps
by [2]:

θ = qDδ

εs
(17)

It is also necessary to know the built-in potential (Vbi) as
a function of temperature, so that the surface electric field
(ξ ) can be determined from the Poisson equation [which,

for the device structure shown in Fig. 1 a, is given by (16)].
This can then be used to determine the image force barrier
lowering by (13). The built-in potential is also needed for the
capacitance and, to a lesser degree, the reverse bias current.
This variable needs to be measured at different temperatures
for the device in question (the measurement is performed by
extrapolating plots of C−2 versus V back to C−2 = 0). From
this, a linear or almost linear relationship between Vbi and
temperature can be established for the device in question
over the operation range.
Additionally, for high forward-bias currents, the series

resistance RS will need to be considered. The voltage drop
across this resistance will mean that the voltage applied
across the device terminals is VA = V + RSIF. To deal with
this, fitting of the forward-bias parameters should be lim-
ited to small forward currents, when the log current versus
voltage plots are linear. The temperature dependence of the
series resistance will depend on the structure of the Ohmic
contact, and on the packaging. Therefore, as with the built-
in potential, it will need to be characterized for the device
in question (in this case, either from the slope of the linear
current-voltage characteristic, or from measuring the devia-
tion from linearity in the log current-voltage characteristic
at a certain current value). It is possible to develop a com-
pact model for the series resistance, based on the structure,
geometry, contact metallization, and the packaging, however
this is outside the scope of this paper.

IV. REVERSE BIAS CURRENT
The two primary current mechanisms in reverse-biased SiC
Schottky diodes are thermionic emission and tunneling [2].
Therefore, the main difficulty that is encountered when
attempting to develop a compact model is finding a way
of expressing this tunneling current. A complete description
of this contribution would require exact knowledge of the
electronic structures of both the metal and semiconductor,
and then to solve the Schrödinger equation (and possibly the
Poisson equation).
Practically speaking, this is not possible, and therefore sev-

eral assumptions are often employed to simplify the problem.
A free electron model is nearly always used in order to
describe the metal’s electronic structure [2]–[9], [22]–[24].
Many works also use a Wentzel–Kramers–Brillouin (WKB)
approximation to simplify the tunneling probability, although
the exact shape of the barrier that is modeled varies
[2], [3], [5], [7]–[9], [22]–[24].
Even with these simplifications, the current equation will

not be analytical and requires numerical solution methods. It
is possible, if the barrier is approximated as a simple shape,
to develop analytical expressions for the limiting cases (i.e.,
for large/small fields and or temperatures) [9], [22]–[24].
These equations, however, often perform poorly for SiC
for two reasons; one, the devices are often operated in the
intermediate regions between the limiting cases, and two,
these models do not account for the image force barrier
lowering.
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TABLE 1. Summary of the compact model equations.

The second point is crucially important for SiC [7]. Since
the breakdown field is so much larger, the electric field
at the metal–SiC surface can be much greater than for Si
Schottky diodes. The magnitude of the barrier lowering
is a function of the field [2] (see Table 1), and there-
fore it is a much more significant factor for SiC than
for Si. We can see this issue clearly in Fig. 2, where
we have applied the most commonly used compact model
(the Padovani-Stratton model [22]) to measurements of SiC
Schottky diodes. The model performs very poorly, primar-
ily due to the lack of the image force effect. If the image
force effect is included, then the models tend to perform bet-
ter. However, this makes the shape of the potential barrier
too complex to have simple analytical equations in any

region, let alone an analytical form across the whole range
of operation.
In our recent work, we were able to accurately model

the reverse bias current using a simplified barrier shape.
By treating the barrier as trapezoidal (triangular due to the
electric field, but truncated by the image force), we still
were able to include the image force correction, and so
achieve a good match to experimental data, despite the use
of a simplified barrier. Using that model, the reverse bias
current is [2]:

IR = A
4πqm∗kT

h3

∫ ∞

0
P(Ex)ln

[
1+ exp

(
EF − Ex
kT

)]
dEx

(18)
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TABLE 2. Symbol meanings.

where P is equal to 1 when Ex ≥ EF + qφB − q	φB, and
otherwise is [2]

P = exp
[
−4π

√
2mt∗

hqξ

√
EF + qφB − q	φB − Ex

×
(
2
3
{EF + qφB − Ex} + 1

3
q	φB

)]
(19)

FIGURE 2. Measured reverse current-voltage characteristic of a 650 V
rated SiC Schottky diode at different temperatures. The best fit using the
Padovani-Stratton model is also shown [22]. Details about the diode are
given in Section VI. The barrier height and conduction effective mass used
in the model were extracted from the forward characteristic in [2] (1.21 eV
and 0.359 × me respectively). The tunneling effective mass was 0.032 × me.
Note that the modeled current at room temperature is not shown.

FIGURE 3. Band diagram of a metal–semiconductor interface in reverse
bias. The three conductions mechanisms—thermal emission over the
barrier (IR−TE ), tunneling through the barrier at the Fermi level (IR−FE ),
and tunneling at energies above the Fermi level (IR−TFE )—are shown.

Although (18) and (19) are still not analytical, they are
a good compromise between simplicity of form and of accu-
racy. Therefore, they are good starting point for a compact
model of the reverse bias current, and so this is what the
model in this paper is based upon.
To approximate (18) and (19) using a compact model,

we have divided the current into three regions, based on
the conduction mechanism and denoted by their traditional
names. These are thermionic emission (IR−TE), field emis-
sion (IR−FE), and thermionic-field emission (IR−TFE). These
represent conduction over the barrier, tunneling through the
barrier around the Fermi level, and tunneling through the
barrier at elevated energies, respectively. These three cur-
rent mechanisms are illustrated in Fig. 3. The current due
to each of these components are detailed in the following
three sub-sections.
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FIGURE 4. Plot of the integrand of (18) as a function of energy for (a) field
and (b) thermionic-field emission. In each case, they are well
approximated by Gaussian distributions. The simulated device values were
m∗ = me, ΦB = 1 eV, mt = 0.25 × me, and T = 30◦C. In (a), ξ = 2 MV/cm,
while in (b) it is 1 MV/cm. The standard deviations of the best fit Gaussian
distributions were 74.2 meV (2.84 × kT) and 172.4 meV (6.60 × kT) for (a)
and (b) respectively.

A. THERMIONIC EMISSION
The contribution from thermionic emission is the simplest
case to model. This represents the case in (18) where P is
equal to 1 because Ex ≥ EF + qφB − q	φB. In this region,
the integral in (18) can be explicitly solved if a Maxwell-
Boltzmann distribution is assumed rather than a Fermi-Dirac
distribution [in (18), this is equivalent to taking ln(1+ x) ≈ x
for small x]. Doing so, we arrive at (3). This is identical to
the thermionic emission equation for forward bias [see (1)],
only without the voltage term, which reflects the fact that
the metal Fermi level does not change with the applied bias,
while the semiconductor one does.

B. FIELD EMISSION
To determine the field emission current, we will assume that
the integrand in (18) is a Gaussian function of Ex, which
is centered at the Fermi level. This is approximately true in
cases where field emission is the dominant mechanism, as
can be seen in Fig. 4 a. In cases where it is not dominant,
the contribution of electrons around the Fermi level will still
be calculated as if their contribution was Gaussian shaped.
In that way, when the field and thermionic-field emission
currents are comparable, then we will attempt to approximate
the integral as a sum of two Gaussians (one for field emission
and one for thermionic-field emission).
The integral of an arbitrarily scaled Gaussian is given

by σ
√
2π multiplied by the value of the function at the

mean. Therefore, the field emission component of the cur-
rent is simply the integrand of (18) evaluated at the Fermi
level, and then multiplied by σ

√
2π and by the constant

factors outside the integral. The standard deviation will be
an unknown function of both field and temperature, and it is
not possible to determine it explicitly from (18). To simplify
the problem, we will take the standard deviation to be X1kT ,
where X1 is a numerical parameter which will later be opti-
mized for a given device. Doing this gives (4). This parameter
represents a weighted average standard deviation for the field

emission current component across the operation range. The
validity of this approximation will depend on the specific
device, the range of operation, and the strength of the field
and temperature dependences (in particular, devices domi-
nated by high levels of field emission may have a weaker
temperature dependence in the standard deviation). Accuracy
may be improved by constructing a more advanced model
for the standard deviation, at the cost of additional fitting
parameters.
It should also be noted that for devices with low barrier

heights, or for low temperatures (well below room temper-
ature), the peak of the integrand can drop below the Fermi
level. In these cases, (4) will no longer be accurate. It is
possible for (4) to be modified to account for these cases
if necessary, however they are typically outside of the nor-
mal operating ranges of SiC devices, and so we view this
as unnecessary. These devices are not often operated at low
temperatures, and even if they are, the conduction will likely
be dominated by defects [2], and so (4) would be incorrect
regardless. Low barrier height devices are possible in prin-
ciple, however the current density would be so large that
the parasitic Rs would prevent the devices from reaching the
regime where (4) becomes inaccurate.

C. THERMIONIC-FIELD EMISSION
The thermionic-field emission case is by far the most com-
plex of the three. The general idea is to treat this case
similarly to the field emission case; the shape of the inte-
grand will be approximated as Gaussian, and then using the
peak value and the standard deviation, the integral can be
determined. We can see from Fig. 4 b. that this assumption
works well when thermionic-field emission is dominant. The
difficulty compared to the previous case, however, is that
the value of the mean is unknown and will be a function of
temperature and of field.
To determine the mean energy of the Gaussian, we first

need to apply the Maxwell-Boltzmann approximation, as was
done in the thermionic emission case. Then, we can solve
for when the derivative of the integrand of (18) is equal
to zero. Doing so yields two solutions; one representing
the maximum of the approximate Gaussian, and the other
representing a minimum located just below the top of the
barrier. The solution of interest (the maximum) is:

EP = Ef + qφB − q	φB − γ (20)

where

γ = −1
2
q	φB + β

α
+

√
β

α

√
β − q	φBα (21)

and α and β are defined in Table 1. Equation (20) will
have a complex value if the electric field is too small. The
minimum electric field which will give a real value is:

ξ =
(

α

2√qπεsh2

)2/3
(22)

To prevent complex values, γ in (8) is defined by two
cases, based on whether the electric field is less than or
greater than the value given by (22). The associated max-
imum energy for which (20) and (21) give a real valued
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solution [i.e., when the electric field equals (22)] is given
by (9).
We can use (20) now to evaluate the current as we did

for the field emission case. The equations for this are given
in (5) and (6), where the standard deviation has been taken
to be X2kT . As with the field emission case, this parame-
ter is a weighted average standard deviation, and improved
model performance may be achieved using a more complex
expression for the standard deviation.
Doing this with (20) works well when EP is intermediate

between the top of the barrier and the Fermi level. However,
there are issues with the boundaries. One if the obvious dis-
continuity at EP = EM [when (21) becomes complex], and
the other is as EP approaches the Fermi level. Here, the
assumptions which were used to derive (21) break down,
and if left unchecked the predicted current will become
unreasonable.
To prevent this, we defined upper and lower bounds to

EP [see (7)]. If EP reaches one of the bounds, rather than
continue to increase or decrease, it instead becomes a fixed
value. This allows (5) to have a real value at small fields,
and prevents blow up at large fields. The value of the current
will still change due to the change in field [see (5)], but at
a much slower rate. This allows for a smooth transition from
thermionic-field emission to thermionic emission as the field
is decreased, and to field emission as the field is increased.
It also ensures continuity at the boundaries.
Since better performance may be able to be achieved if the

boundaries are moved away from EM and Ef , two additional
numerical factors are introduced in (7). These are multiples
of kT, as with the other parameters, since the distance away
from the boundaries will depend on the standard deviation
of the Gaussian, which itself is a function of kT.
The equations for both thermionic-field and field emis-

sion will be erroneous for small biases. This is because
the use of a WKB approximation and, in particular, the
trapezoidal shape we have employed, will become inaccu-
rate in this regime [2]. The largest consequence of this is
that the predicted current from (4) and (5) will not have
a corresponding term from the forward bias to balance them,
leading to nonzero current at V = 0. We have dealt with this
issue by simply turning these components off in forward
bias [see (2)]. We anticipate that the magnitude of the cur-
rent discontinuity caused by this would be negligible. An
alternative approach would be to add in a term to the for-
ward bias current to cancel these components—note however
that such a term would be purely mathematical and would
not reflect the actual magnitude of semiconductor-to-metal
electron tunneling (which would be significantly smaller).

V. CAPACITANCE
The capacitance of a Schottky barrier diode is caused by
the depletion region, and so it depends on the exact device
structure. For the device structure described in Fig. 1, the
capacitance can be treated as a single parallel-plate capacitor
with a plate separation equal to the depletion-layer width

FIGURE 5. Measured built-in potential (a) and series resistances (b) of
both the 650 V and 1200 V diodes as a function of temperature.

TABLE 3. Diode doping profiles.

[see (12)]. Note that the area of the capacitor may not be
equal to the area of the Schottky contact. This is because
the depletion region extends underneath the edge termination.
The increase in capacitor area will depend on the type of
edge termination used. The temperature dependence of the
capacitance is entirely due to the built-in potential which, as
stated previously, needs to be characterized for the device
in question.

VI. COMPARISON WITH EXPERIMENTAL DATA
To test the compact model, we have applied it to experimen-
tal current measurements of two diodes. The diodes were
fabricated using 100-mm (0001) oriented 4H-SiC wafers,
with commercially grown n-type epitaxial layers on the Si
faces. The doping profiles, as measured by the high reverse
bias capacitance-voltage characteristic, are shown in Table 3.
These represent designs for blocking voltages of 650 V and
1200 V. P-type edge termination rings were prepared, fol-
lowed by sputtering deposition and annealing of nickel on
the back of the wafer to form a nickel silicide Ohmic con-
tact. After annealing, silver was deposited onto the nickel
silicide. Titanium and aluminum were sputtered to form the
anode. Finally, the anode was passivated using a standard
polyimide passivation. The devices are the same as the ones
used in [2]. The measured temperature dependencies of Vbi
and Rs, which are necessary for the model, are shown in
Fig. 5 for both devices. The anode contact areas (A) were
2.64 mm2 and 4.08 mm2 for the 650-V and 1200-V rated
diodes, respectively.
The eight fitted model parameters for each diode are

listed in Table 4. These parameters were evaluated by fit-
ting the model to the forward and reverse current-voltage
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TABLE 4. Extracted parameter values.

characteristics. The forward bias characteristic was used to
determine �B,0, m*, and θ . The actual fitting is described
in our previous paper, so we simply used the values of these
parameters from [2].
The remaining five parameters were evaluated by applying

differential evolution to the reverse bias characteristics. One
hundred candidate solutions were used and, for each can-
didate, the current was evaluated using the compact model
equations in Table 1. This was done for every measured
data point, except for the room temperature (30◦C) and any
data points where the voltage exceeded the device rating.
The low temperature points were excluded because their
conduction is dominated by defects [2], and so they will not
necessarily match the model and had the potential to worsen
the fitting. The high voltage points were excluded in order
to avoid increased currents due to impact ionisation.
The error at each measured data point was calculated by

comparing the logarithms of the measured and modelled
currents. The total error for any candidate solution was then
calculated as the root mean square of the errors at each
data point. The candidates were allowed to evolve, using
a standard differential evolution algorithm, for 1000 itera-
tions. The amplification factor and crossover rate were both
set to 0.3. Convergence was achieved before the maximum
iterations were reached in both cases.
A comparison of the measured and modelled currents for

both forward and reverse bias are presented in Fig. 6 for the
650 V diode, and Fig. 7 for the 1200 V diode. In both cases,
there is excellent agreement between the measured and mod-
elled data, in both linear and logarithmic scales. To provide
a quantitate measure of their performance, we have calcu-
lated the root-mean-squared error in the log-linear reverse
IV’s, excluding the room temperature data (and data below
1 nA, since it contains noise which dominates the error
score). Therefore, this error score represents the average
number of decades of error in the current. The obtained val-
ues for this error score were 0.13 and 0.098 for the 650-V and
1200-V diodes, respectively. Both of these values are very
small, indicating good performance. For comparison, we cal-
culated the error scores when using (18) and the parameters
given in [2]. These were 0.065 and 0.054 for the 650-V and

FIGURE 6. Forward (a) and reverse (b) current-voltage characteristics for
the 650-V rated diode. Data is plotted at 30, 90, 150, and 210◦C. The red
symbols are the measured data, while the black lines are from the
compact model, using the parameters outlined in Table 4. The insets show
the same plots on log-linear scales.

1200-V diodes, respectively. Our compact model has roughly
doubled the average number of decades of error, but this is
still within acceptable limits, particularly when compared to
other compact models (see for instance Fig. 2). Furthermore,
this error is mostly concentrated at low currents, and so the
performance on a linear scale, which is more relevant for
simulation purposes, will be even better. This is particu-
larly relevant for power electronics circuits (circuits where
the designers would use a diode of such high voltage and
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FIGURE 7. Forward (a) and reverse (b) current-voltage characteristics for
the 1200-V rated diode. Data is plotted at 30, 90, 150, and 210◦C. The red
symbols are the measured data, while the black lines are from the
compact model, using the parameters outlined in Table 4. The insets show
the same plots on log-linear scales.

temperature rating), in which the high voltage region is of
more importance.

VII. CONCLUSION
In this work, we have developed a compact model for the
fundamental current mechanisms in SiC Schottky diodes—
thermal emission and tunneling. We have verified the
model by demonstrating good agreements with experimen-
tal data obtained for 650-V and 1200-V rated diodes at

temperatures up to 210◦C. The methodology for transform-
ing a tunneling equation into a compact model, which we
have presented in the paper, can be adopted for other device
structures.
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Abstract—The number of variables involved in the 

formation of Ohmic contacts to SiC is large, and their 
relationships to the final contact resistance are often 
unclear. As such, trial-and-error methods are typically 
employed to develop or improve SiC contacts. In pursuit of 
a better alternative, we developed and tested several 
regression models to predict the specific contact 
resistance of Ni, Ti, and Al based contacts on both n- and 
p-type SiC. Literature data was used to train linear 
regression, Gaussian process regression, and neural 
network (NN) ensemble models; of these, the NN ensemble 
was the most effective at predicting contact resistances. 
We then applied the model to optimize the annealing 
schedule for Ni contacts to n-type 4H-SiC, and Ti/Al 
contacts to p-type 4H-SiC. Finally, we use the model to 
generate optimal simultaneous contact recipes.  
 

Index Terms—Gaussian processes, Neural networks, 
Ohmic contacts, Silicon Compounds 

I. Introduction 
iC is a leading wide bandgap semiconductor for high power 
devices. It has a number of desirable material advantages 

over Si, most notably the 10 times greater breakdown electric 
field [1]. SiC devices have been commercially available for 
over a decade now, however the performance and efficiency of 
these devices can still be improved. One such area for 
improvement is the Ohmic contacts. Low resistance Ohmic 
contacts are critical for high-current applications, and so play a 
key role in SiC device performance.  

In theory, the easiest way to achieve Ohmic contacts is to 
select a metal whose work function is aligned with the 
semiconductor’s majority carrier band (conduction band for n-
type or valence band for p-type) [2]. However, for many 
materials, including SiC, there are no such metal candidates. As 
a result, SiC Ohmic contacts traditionally require annealing to 
achieve linear current–voltage responses [2]–[52]. This 
complicates the interface chemistry significantly and introduces 
many more variables which can impact the contact formation. 
Furthermore, the effect of each of these variables on the final 
contact resistance is often unclear. This makes it tough to 
determine the mechanisms of contact formation. 

Despite much work, it still remains difficult to go about 
improving SiC Ohmic contacts without resorting to trial-and-
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the industry partner in the Australian Research Council Linkage Project 
under Grant ARC LP 50100525. 

J. R. Nicholls and S. Dimitrijev are with the Queensland Micro- and 
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error methods [2]. Such methods are very time consuming; it is 
not practical to re-optimize the contacts each time other changes 
are made. As such, researchers and industry typically stick to 
their individual preferred recipes. Greater flexibility in the 
contact formation process, however, can provide major 
advantages. For example, forming the source and body contacts 
of a MOSFET in one rather than two steps could significantly 
expedite the fabrication [2]. The ability to adjust the annealing 
schedule of the contacts may also improve their compatibility 
with other advanced fabrication processes. 

To allow for this greater flexibility, we need a quantitative 
model for the SiC Ohmic contact formation process. Therefore, 
in this work, we develop an empirical model for the specific 
contact resistances (ρc) of 4H- and 6H-SiC Ohmic contacts. We 
use literature data of contacts formed with Ti, Ni, and Al, as 
well as combinations of these three metals, to trial several types 
of regression models. The best model (a neural network 
ensemble) was very effective, with an error comparable to 
uncertainties in the surveyed literature.  While these models 
may not help in determining the underlying contact formation 
mechanisms, they can still prove useful for practical 
applications as a guide for device manufacturing. We 
demonstrate this by using the model to optimize several 
common contact recipes. 

II. INPUT PARAMETERS AND DATASET DESCRIPTION 
The data we used for the regression modeling was obtained 

from literature. As a consequence, it is necessary to limit the 
number of input variables. This is because many groups report 
large uncertainties in their specific contact resistances, owing to 
variations in the value between test structures or between 
fabrication runs [3]–[18]. Therefore, we can consider the data 
to be somewhat noisy, and so a large number of parameters 
would result in overfitting. 

The variables that were used as the model inputs are 
summarized in Table I. For the metallization, we only 
considered the three most common metals used for contacts to 
SiC, those being Ni, Ti, and Al. Ni is commonly used as an n-
type contact, while Ti/Al is commonly used as a p-type contact 
[2]. Furthermore, various combinations of these metals have 
been widely explored for simultaneous formation of both n- and 
p-type contacts [2]. Other materials have been used in contact 
formation; however the number of reported examples begins to 
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significantly decrease after these three. Since each additional 
metal adds at least one input, we decided to limit the scope to 
these three common metals. Also note that the deposition order 
has been ignored. The physical rationale behind this is that there 
is evidence that for most annealing times and temperatures that 
have been reported, all metals react (either with the SiC or by 
alloying with each other) and play a role in the contact 
formation, somewhat irrespective of deposition order [3], [15]–
[28]. Additionally, encoding the order of the metals imparts a 
multiplier on the number of inputs, which may present for the 
models. For instance, encoding three metal layers would require 
three sets of inputs for the metals, one corresponding to each 
layer. Even if we restrict the scope to only Ni, Ti, and Al, this 
will mean 9 inputs before we have even addressed the other 
important parameters, which is likely too many for the size of 
our dataset.  

 A description of the SiC under the contact was encoded 
using 5 inputs. One input was for the doping level (as the 
logarithm), and then two pairs of categorical inputs were used 
for the doping type (n- or p-type) and polytype (4H or 6H). The 
surface preparation was not considered because it varies wildly, 
however we did exclude some papers from the dataset when the 
preparation was beyond simple cleaning (for instance, plasma 
treatment [29]). 
    Similarly, the annealing process was encoded with just four 
inputs. Only single stage annealing processes were considered, 
since they constitute most reports, and so one input encoded the 
annealing temperature, and one encoded the annealing time. All 
contacts in the dataset were either annealed in ultra-high 
vacuum (UHV) or in an inert gas atmosphere (usually Ar or N2). 
We don’t expect any difference between the different inert gas 
anneals, however annealing in UHV has been shown to cause 
some loss of metals to the vacuum during high temperature 
anneals, particularly with Al contacts [5], [24]. Therefore, the 
annealing atmosphere was encoded with a pair of numbers to 
represent if the anneal was performed in UHV or not. 
    In total, the model has 12 input parameters. Once these had 
been decided, we then collected data from literature. In the end, 
we surveyed 49 papers for a total of 268 observations [3]–[28], 
[30]–[52]. Figure 1 shows a statistical breakdown of the dataset.  

III. MODEL EVALUATION 
To develop the regression model, we trained and evaluated 

the performance of several model types. The three types trialed 

were linear regression, Gaussian process regression (GPR), and 
neural network (NN) ensembles. Linear regression is the 
simplest type of regression model; each of the model inputs is 
assigned a coefficient, and these are varied to find the values 
that minimize the error between the modeled outputs and the 
true outputs. In this way, we define the best-fit linear function. 

The GPR and NN ensemble models are more complex, and 
so only brief descriptions will be given here. GPR is a 
probabilistic method of performing non-linear fitting. We select 
a kernel, which describes the shape of the underlying 
covariance between the observations (in effect, it defines the 
broad range of functions that can be considered). Then, the 
kernel and the observed data are used to compute a covariance 
matrix; this matrix, when used with new data, generates a 
Gaussian probability distribution of outputs, and the predicted 
output is the one with the highest probability (the mean). By 
varying the kernel function and the kernel parameters, we can 
optimize the GPR to provide the best fit to novel inputs. In this 
way, GPR is able to describe a wide range of functions without 
making assumptions about the functional form (as is done in 
linear fitting, where we assume a particular equation and are 
merely adjusting the coefficients). 

TABLE I 
MODEL INPUTS 

Input 
Number Encoded Variable 

1 Ni atomic percentage (0 to 1) 
2 Ti atomic percentage (0 to 1) 
3 Al atomic percentage (0 to 1) 

4 Doping (logarithm base 10 of donor/acceptor concentration 
in cm-3)  

5 N-type indicator (1 for N-type, 0 for P-type) 
6 P-type indicator (0 for N-type, 1 for P-type) 
7 4H indicator (1 for 4H, 0 for 6H, 0.5 if unspecified) 
8 6H indicator (0 for 4H, 1 for 6H, 0.5 if unspecified) 
9 Annealing temperature (°C) 

10 Annealing time (minutes) 
11 UHV anneal indicator (1 if UHV, 0 if not) 
12 Inert gas anneal indicator (0 if UHV, 1 if not) 

  

Fig. 1. Statistical information about the dataset: (a) the distribution 
of annealing times, (b) the distribution of doping levels, (c) the 
distribution of annealing temperatures, and (d) the distribution of 
specific contact resistances. A ternary scatter plot displaying an 
overview of the various contact compositions (separated into n- and 
p-type) is provided in (e). Data from [3]–[28], [30]–[52]. 
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NN regressions, unlike GPR, are a deterministic method. In 
NN models, we define an arrangement of layers of nodes (called 
neurons). An example of such an arrangement is shown in Fig. 
2 (a). Each neuron computes a weighted sum of the outputs of 
the neurons in the previous layers, along with a bias (assuming 
a fully connected feedforward network, which will be the only 
type considered here). This sum is then passed through an 
activation function, which produces the output of that 
individual neuron. In this way, the input(s) propagate through 
the network to produce the output(s). Inspired by nature, the 
goal of NN models is to train the network by showing it known 
examples and modifying the weights and biases to reduce the 
error between the network output and the true values. The hope 
is that by doing this, the network learns some underlying 
features, and so it can then be used to predict novel data. To 
train the network, the dataset is divided into training and test 
sets (we used 80% training and 20% test). The network is shown 

the training data, and with each example, the network 
parameters are modified to reduce the output error. The 
algorithm we employed to do this is the commonly used 
Bayesian regularization backpropagation (an explanation of 
this is outside the scope of this work). The test data is used to 
monitor performance and prevent over-generalization. 

Training NN’s requires lots of examples to be shown to the 
network—typical datasets are orders of magnitude larger than 
the size of the dataset we have available. As such, the 
performance of an individual network trained on our data will 
depend strongly on the random initial seeding of the weights 
and biases. To deal with this issue, we can create a network 
ensemble; by training many (100) networks on the same dataset 
and averaging their outputs, the resulting NN ensemble will 
generalize better to new data than a single network [53]. A 
diagram of this is shown in Fig. 2 (b). 

To compare the linear regression, GPR, and NN ensemble 
models, the performance of each was evaluated using 10-fold 
cross-validation. This is a standard measure of model 
performance used in machine learning problems, where we 
evenly divide the data into a set of ‘folds’ (10 in this case). One 
fold is selected, and the models are trained on the remaining 9. 
Then, we pass the chosen fold to the models and calculate the 
mean error score. This process is then repeated for all folds, and 
the final performance is then the average performance on all 10. 
This provides a measure of the model performance against 
novel data, which can be used to select the best model type. 

Table II lists the performances of the linear regression, GPR, 
and NN ensemble models (with either 1 or 2 hidden layers). In 
each category only the best performing model is shown, with 
the details of that particular model provided in the table. The 
model outputs were the logarithms (base 10) of the ρc (in 
Ωcm2)—therefore, the performance metric is a measure of the 
average number of decades of error (squared) in the ρc value 
when the models are used on novel inputs. To provide a 
concrete example of what these error scores mean in practice, 
we have also computed the error ranges for a 1×10-3 Ωcm2 
contact [which is the most common value seen in Fig. 1 (d)]. 

The best performance was achieved with an ensemble where 
every network had two hidden layers, each with 5 neurons. This 
model performed significantly better than the linear model, and 
slightly better than GPR, achieving a mean squared error of 
0.3149. This corresponds to an average error of 0.56 decades in 
ρc. We can compare this value to quoted error margins for ρc in 
literature. For instance, Joo et al. [3] reported on various Ti/Ni 
contacts to both n- and p-type SiC. Their results for n-type show 
greater than one decade of scatter for contacts annealed at 950 
°C, and as much as 3 decades of scatter for contacts annealed at 

TABLE II 
COMPARISON OF MODEL PERFORMANCES EVALUATED USING 10-FOLD CROSS-VALIDATION 

Regression Model Linear GPR NN Ensemble  
(one hidden layer) 

NN Ensemble 
(two hidden layers) 

Details - 
Squared exponential 
kernel, linear basis 

function 
7 hidden layer neurons 5 hidden layer neurons 

in each layer 

Performance     
 Mean squared error in log10 ρc 0.5472 0.3421 0.3218 0.3149 
 Average decades of error in ρc 0.7397 0.5849 0.5673 0.5612 
 Modeled range for a 1×10-3 Ωcm2 contact     
  Upper range 5.5×10-3 Ωcm2 3.8×10-3 Ωcm2 3.7×10-3 Ωcm2 3.6×10-3 Ωcm2 
  Lower range 0.18×10-3 Ωcm2 0.26×10-3 Ωcm2 0.27×10-3 Ωcm2 0.27×10-3 Ωcm2 

  

Fig. 2. (a) A diagram of a neural network. Each neuron (circle) 
computes a weighted sum of all neuron activations in the previous 
layer, and so the inputs propagate through the hidden layer(s) to the 
output. In this work, the output is a single neuron whose activation 
is the logarithm of the contact resistance. Note that not all of the 
input neurons are shown, and the configuration of hidden layers 
(number of layers, and number of neurons in each layer) was varied 
to improve performance. (b) The ensembling process, where we 
pass the same inputs to many (100) networks and take the average 
output of all of them. This is used to improve the performance when 
dealing with small datasets. 
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1000 °C [3]. Crofton et al. [4], [5] reported Ti/Al contacts to p-
type SiC and found that, for some samples, the resistance was 
so nonuniform as to make accurate ρc extraction impossible. In 
other work, they also reported an order of magnitude difference 
in the resistance of Ni contacts to n-type SiC upon replication 
[6]. Several groups have reported less variable contacts, with 
error bars of half a decade or smaller [7]–[18]. We can see that 
the achieved error score is consistent with the reported 
variability of some SiC contacts. Furthermore, it needs to be 
acknowledged that the performance of any regression model 
will be somewhat limited as long as the dataset contains these 
observations which have high degrees of uncertainty. Given this 
constraint, the performance of the NN ensemble is satisfactory.  

IV. APPLICATIONS AND DISCUSSION 
For application, we trained the optimal model type (100 

network ensemble, each with 2 hidden layers of 5 neurons) on 
the entire dataset. A regression for the entire dataset on this final 
trained model is shown in Fig. 3. Following this, we used the 
model to optimize several contact recipes. To solve these 
optimization problems, we used differential evolution to vary 
subsets of the input parameters, with the output of the neural 
network ensemble acting as the fitness function to be 
minimized. All the inputs of interest (metal atomic percentages, 
annealing temperature, and annealing time) take continuous 
values, with the discrete valued inputs being fixed, so standard 
differential evolution can be used.  

There are two caveats: first, the annealing atmosphere input 
variables take discrete values, but they may be of interest. 
However, to avoid issues with the algorithm, we specified inert 
gas anneals for all optimizations. Secondly, the variables have 
limited ranges for which there were sufficient observations for 
the model to learn from. Also, some variables have domains 
outside of which they lose physical meaning (less than zero 
annealing time/temperature, or atomic percentages exceeding 
1). To handle this, an additional check was used during the 
evolution stage of the algorithm to ensure that the candidate 
solutions remained within predetermined bounds.   
 The first recipe which we optimized was Ni contacts to n-
type 4H-SiC. This is, by far, the most common metal used for 
forming contacts to n-type, and is among the most studied 
contact metallization for SiC [2]. Therefore, we applied the 
model to determine the best annealing schedule. The optimal 
annealing temperature and time, as determined by the NN 

ensemble model, are shown in Fig. 4 (a), while the 
corresponding ρc is given in Fig. 4 (b). Both the optimal 
annealing temperature and the optimal annealing time decrease 
as a function of doping. This could possibly be explained 
because the higher doping promotes electron tunneling, and so 
perhaps less reaction between the Ni and the SiC is therefore 
needed to produce good Ohmic behavior.  

 Next, for p-type, we investigated Ti/Al contacts. These are 
widely reported for p-type 4H-SiC, but the ratio of metals 
differs amongst reports [2]. Therefore, we looked into 
optimizing this. For the annealing schedule, applying searches 
to our model for p-type contacts tends to drive the annealing 
time towards zero for only marginal gains in ρc. To deal with 
this, rather than allowing the annealing time to vary we simply 
set the annealing time to fixed values (1, 5, and 10 minutes) and 
optimized the other parameters. The resulting contact recipes 
are shown in Fig. 5. Interestingly, the model suggests that 
greater amounts of Ti are preferable for longer annealing times. 
We may interpret this as longer anneals allowing for more 
reaction between the Ti and the SiC. Contacts with lower 
annealing times had marginally better resistance though, and so 
reaction between the Ti and the SiC is not always desirable. 

Fig. 3. Scatter plot showing the modeled ρc values from our neural 
network ensemble versus their true (measured) values. 
 

Fig. 4. (a) The optimal annealing temperature and annealing time 
for Ni Ohmic contacts to n-type 4H-SiC as a function of the doping, 
as determined by the neural network ensemble. (b) The 
corresponding specific contact resistance. 
 

Fig. 5. Optimal (a) annealing temperature and (b) Ti atomic % for 
Ti/Al Ohmic contacts to p-type 4H-SiC as a function of the doping, 
as determined by the neural network ensemble. Data shown for 
annealing times of 1, 5, and 10 minutes. (c) shows the 
corresponding specific contact resistances. 
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Finally, we looked into simultaneous Ohmic contacts to n- 
and p-type 4H-SiC. This is of interest for device applications; 
for example, it is desirable to form the contacts to the n-type 
source and p-type body of a vertical/trench metal-oxide-
semiconductor field-effect transistor (MOSFET) in a single 
process. We can use our model to find the best simultaneous 
contact recipes by minimizing the mean of the n- and p-type 
contact resistances. As before, we need to fix the annealing time 
since we are optimizing p-type contacts—we selected 5 minute 
anneals for this purpose. The optimized recipes are presented in 
Table III.  

The most notable feature in Table III is the discontinuous 
jump in Ni atomic percentage as the acceptor concentration is 
increased. We can see, by looking down the columns, that the 
limiting resistance is p-type. Ti/Al contacts provide good p-type 
resistance at high doping, but relatively poor at low doping (see 
Fig. 5). Therefore, at low acceptor concentrations, Ni/Ti/Al 
contacts perform better. We postulate that Ni containing 
contacts do not improve as quickly (as a function of the acceptor 
concentration) as Ti/Al contacts do; therefore, the optimal 
recipe will transition from Ni/Ti/Al to Ti/Al at some p-type 
doping level.  

In most applications (such as for a MOSFET), a low n-type 
contact resistance is more important than a low p-type 
resistance. Therefore, we have also performed the simultaneous 
contact optimizations using a weighted mean of the resistances, 
so that the optimization algorithm prefers smaller n-type 
resistances over p-type. Table IV presents the optimal recipes 
with a 100:1 n-type to p-type weighting ratio. We can see that 
since the p-type resistance is no longer limiting the 
optimization, the transition from Ni/Ti/Al to Ti/Al seen in Table 
III is removed. 

V. CONCLUSION 
In this work, we have collated literature data on SiC Ohmic 

contacts and used it to develop a regression model for the ρc of 
Ni, Ti, and Al contacts. The model takes as input details about 
the metal atomic ratios, the SiC doping, and the annealing, and 
uses a neural network ensemble to output an estimate of the ρc 
value. The performance of the model was evaluated using 10-
fold cross-validation, where it achieved a mean square error 
score of 0.31, which is much better than the linear regression 
benchmark (0.55) and is on par with experimental errors. We 
then trained the model on the entire dataset and used it to 
optimize several contact recipes. The final trained model (as 
MATLAB files) is available in the supplementary material. 
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Abstract—The popular Tung model for Schottky barrier 

inhomogeneity considers how low barrier patches 
(embedded in a high barrier background) impact the diode 
current. However, Tung’s model fails to account for the 
image force effect. We analyze how the image force alters 
the current through an inhomogeneous barrier and find 
that, in some circumstances, it will smooth the barrier, such 
that the current will effectively be that of a homogeneous 
diode. We also show that for a distribution of defect barriers 
and/or sizes, the diode current can be intermediate between 
that of a homogeneous diode and a diode dominated by the 
low barrier patches. We calculate the parameter values 
associated with this transitional region. A survey of 
existing literature applications of Tung’s model show many 
diodes are actually operating in this transition region, 
where Tung’s equations are in error. We provide the 
corrected equations for this case and demonstrate their 
ability to model practical diode characteristics. 
 

Index Terms—Schottky barriers, Schottky diodes, 
semiconductor–metal interfaces. 

I. INTRODUCTION 
T is expected that the potential barrier at a metal–
semiconductor interface will be inhomogeneous at some 

scale [1]. This could be due to intrinsic fluctuations, or extrinsic 
defects at or near the interface. This barrier inhomogeneity is 
used when modeling Schottky diode current–voltage 
characteristics to attempt to account for several anomalies. 
These include double barriers, smaller than theoretical 
Richardson constants, greater than unity ideality factors, and 
the mismatch in barrier heights measured with different 
techniques [1], [2].  
 One of the most widely used inhomogeneity models is 
Tung’s model [3]. This model considers the scenario of small 
barrier patches embedded in a uniform high barrier background. 
Tung’s key result is that the current is not the simple addition 
of two parallel diodes; rather, the high barrier background will 
“pinch-off” the potential in front of the low barrier patches, 
causing their barrier height to vary with the degree of band 
bending. This effect is shown in Fig. 1 (b). 
 However, Tung did not consider the image force effect in 
their model. The image-force effect is needed to account for the 
attraction that majority carriers experience as they approach the 
metal surface, due to their induced image charge. Assuming an 

J. R. Nicholls and S. Dimitrijev are with the Queensland Micro- and 
Nanotechnology Centre, Griffith University, Brisbane, QLD 4111, 
Australia, and the School of Engineering and Built Environment, Griffith 

abrupt metal–semiconductor interface, this effect adds an 
additional term to the potential, Vimage, equal to [2] 
 𝑉𝑖𝑚𝑎𝑔𝑒 = −

𝑞

16𝜋𝜀𝑧
 (1) 

where z is the distance from the interface, q is the elementary 
charge, and ε is the permittivity of the semiconductor. The 
impact of this is shown in Fig. 1 (c) for a homogeneous barrier. 
 This correction is understood to be important for Schottky 
diodes in reverse bias, and when the diode is homogeneous [2], 
[4]–[7]. However, how important is this contribution when the 
barrier is inhomogeneous due to defect-induced barrier 
lowering? The standard treatment of image force barrier 
lowering is only valid when the surface field is approximately 
constant [2], [4]–[7], which is not the case in the vicinity of 
barrier defects. Regarding Tung’s model for defect-induced 
barrier lowering, which does not include the image-force effect, 

University, Brisbane, QLD 4111, Australia (email: 
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I 

Fig. 1. Example shapes of the potential at a metal-semiconductor 
interface. (a) shows the depletion potential, absent the image force 
or any inhomogeneities. (b) shows the (approximate) potential in 
front of a lower barrier patch. Note how the maximum is “pinched 
off” in front of the patch. The image force has not been accounted 
for in this case. (c) shows the effect of the image force on the 
potential of a homogeneous barrier. The top of the barrier is rounded 
off and reduced. 
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the following question needs to be answered: How does the 
pinch-off behavior change when the image-force effect is taken 
into account? 

To understand how the image force interacts with patches of 
defect-induced barrier lowering, this paper will perform a 
similar analysis to that presented by Tung, but with the correct 
potential. In doing so, we will show that under certain 
conditions, the image force smooths out any low-barrier 
defects. As such, the diode can be modeled as homogeneous. 

II. MATHEMATICAL ANALYSIS 
Let us first consider the case of circular small barrier patches 

embedded in a uniform barrier-height background ΦB,0. In 
Tung’s work, the potential (V) is treated perturbatively rather 
than solving the Poisson equation [3]. Then, approximating the 
patch as a point dipole, he showed that the potential is [3] 

 𝑉(𝜌, 𝑧) = 𝑉𝑏𝑏 (1 −
𝑧

𝑊
)

2

+ 𝑉𝑛 + 𝑉𝑎 −
𝑉𝑏𝑏Γ3𝑧𝑊2

(𝜌2+𝑧2)3 2⁄  (2) 
where ρ is the radial distance from the patch, Vbb is the degree 
of band-bending, 𝑊 = √2𝜂𝑉𝑏𝑏 is the depletion width (𝜂 =

𝜀

𝑞𝑁𝑑
, 

where Nd is the donor concentration), Vn is the difference 
between the Fermi level and the bottom of the conduction band 
in the bulk semiconductor, and Va is the applied bias across the 
interface. The dimensionless parameter Γ was introduced by 
Tung to describe the “strength” of the small barrier patches; it 
is defined as [3] 

 Γ3 =
𝜙𝑃𝑅0

2

4𝜂𝑉𝑏𝑏
2  

 (3) 

where the patch has radius R0, shown in Fig. 1 (b), and the 
barrier height of the patch is reduced by 𝜙𝑃 compared to the 
background (i.e. the patch barrier height is 𝜙𝐵,0 − 𝜙𝑃)1.  
 The first step in the derivation is to determine the saddle point 
position (z0), i.e. the position along z (with 𝜌 = 0) that has the 
largest potential (highest electron barrier). Without the image 
force, this occurs at 𝑧0 ≈ Γ𝑊 [3]. To include the image force, 
we simply need to add the classical image potential in (1) to (2). 
Taking the derivative of (1)+(2) and setting it to 0, we can show 
that, when the image force is included, z0 is governed by 

1 The term ΦP was denoted as Δ in Tung’s original work [3]. It has been 
changed here to improve the clarity of (3) and (6). 

 1 − 𝑋 − (
𝛼

𝑋
)

2

− (
Γ

𝑋
)

3

= 0 (4) 
where 𝑋 =

𝑧

𝑊
, and α is given by: 

 𝛼 = √
𝑞

32𝜋𝜀𝑊𝑉𝑏𝑏
 (5) 

The solution to (4) (strictly speaking, the smallest solution on 
the domain 𝑋 ∈ [0, 1]) is the saddle point. These solutions are 
shown graphically in Fig. 2, where each line in the plot 
corresponds to all combinations of α and Γ that have the same 
solution to (4), and so have the same z0. 
 Assuming both dimensionless parameters α and Γ are less 
than 1 (which must be the case, otherwise the saddle point will 
be near the edge of the depletion region), then there are two 
approximate solutions for z0 that are clearly seen in Fig. 2. If 
Γ > 𝛼, then 𝑧0 = Γ𝑊; this is the same as Tung’s model and is 
the condition where pinch-off by the high barrier background is 
the dominant phenomena controlling the shape of the patch’s 
potential. The other solution is when α > Γ, in which case 𝑧0 =
𝛼𝑊. This is the condition where the saddle point is mainly 
controlled by the image potential. 

We can understand this result by considering that a low 
barrier patch will be pinched off at a distance ~ΓW. This is 
shown in Fig. 3 (a). Beyond this point, the potential in front of 
the patch approaches that of the high barrier background. 
However, what happens if the pinch-off distance ΓW is closer 
to the interface than the background’s maximum barrier (closer 
than αW)? In such a scenario, the small patch is pinched off and 
becomes approximately identical to the high barrier background 
before it encounters the background’s highest barrier height. 
Therefore, it experiences the same barrier maximum as the 
background. This scenario is shown in Fig. 3 (b). 

By substituting the definitions of α and Γ, we can determine 
the conditions when the image force effect will be dominant. 
That condition is when 𝛾 < 𝛾0, where γ is the system-
independent patch parameter defined by Tung [3], 

Fig. 2. Contour plot of the solution to (4) corresponding to the saddle 
point as a function of Γ and α. The contour values, marked alongside 
the lines, are X values (not z). For Γ > 𝛼, X is approximately equal 
to Γ and so 𝑧0 ≈ Γ𝑊. For α > Γ, X is approximately equal to α and 
so 𝑧0 ≈ α𝑊. 
 

Fig. 3. Example of the potential in front of a low barrier patch for (a) 
γ = 6×10-5 cm2/3V1/3, and (b) γ = 6×10-6 cm2/3V1/3. In (a), the pinch off 
distance (ΓW) is further from the interface than the maximum of the 
background barrier. As such, it is not affected by the image force. In 
(b) though, the pinch off point is closer to the interface than the 
background maximum. As such, the potential in front of the patch is 
dragged upwards, and so the patch barrier is identical to the 
background barrier. 
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 𝛾 = 3 (
𝜙𝑃𝑅0

2

4
)

1 3⁄

 (6) 
and γ0 is 

 𝛾0 = 3√
𝑞

32𝜋𝜀
(

𝜂

8𝑉𝑏𝑏
)

1 12⁄

 (7) 

Figure 4 shows the parameter γ0 as a function of the band 
bending for a variety of semiconductors. The value of γ0 
depends on permittivity, doping, and Vbb, but in most cases it is 
in the vicinity of 2×10-5 cm2/3V1/3 for forward bias. 

A. First Case: γ > γ0 
In the case where the pinch-off of the patch is the dominant 

mechanism controlling the saddle-point potential (that is, 𝑧0 ≈
𝑊Γ), the value of the potential at that saddle point is: 

 𝑉(0, 𝑧0) ≈ 𝑉𝑏𝑏 (1 − 3Γ −
2α2

Γ
) + 𝑉𝑛 + 𝑉𝑎 (8) 

Given that 𝛼 ≪ 1 and 𝛼 < Γ, the third term in the brackets is 
negligible, and therefore the patch potential is no different to 
the case where the image force is ignored. Therefore, Tung’s 
model for the patch current is correct in this case. 

However, the current due to the high-barrier background will 
be altered. The potential far from a patch is: 

 𝑉(∞, 𝑧) = 𝑉𝑏𝑏 (1 −
𝑧

𝑊
)

2

+ 𝑉𝑛 + 𝑉𝑎 −
𝑞

16𝜋𝜀𝑧
 (9) 

The final term reduces the background barrier by an amount ΦI, 
equal to [2] 

 𝜙𝐼 = 2√
𝑞𝜉

16𝜋𝜀
 (10) 

where ξ is the surface electric field [2]: 
 𝜉 =

𝑞𝑁𝑑𝑊

𝜀
 (11) 

Equation (10) is the well known image force barrier 
reduction term which is used for reverse biases and for 
homogeneous diodes [2], [4]–[7]. It is not surprising that the 
background barrier needs this correction; however, it is almost 
never considered in practical applications of Tung’s model. 

The total diode current is the sum of all low barrier patches, 
and the background. If we consider a low density c1 of patches, 
and assuming no inter-patch interactions, the current is [3] 

 𝐼 = 𝐴𝐴∗𝑇2 exp (
−𝑞𝜙𝐵

𝑘𝑇
) [exp (

𝑞𝑉𝑎

𝑘𝑇
) − 1]  

 × [1 + 𝑐1𝐴𝑒𝑓𝑓 exp (
𝑞𝜙𝑒𝑓𝑓

𝑘𝑇
)]  (12) 

where A is the diode area, A* is the Richardson constant, T is 
the absolute temperature, k is Boltzmann’s constant, and ΦB is 
the barrier height of the background: 

 𝜙𝐵 = 𝜙𝐵,0 − 𝜙𝐼 (13) 
The patches have an effective area, Aeff, which Tung calculated 
to be equal to [3] 

 𝐴𝑒𝑓𝑓 =
4𝑞𝜋𝛾

3𝑘𝑇
(

𝜂

𝑉𝑏𝑏
)

2 3⁄

 (14) 
Their effective barrier height (Φeff) is given by [3] 

 𝜙𝑒𝑓𝑓 = −𝜙𝐼 + 𝛾 (
𝑉𝑏𝑏

𝜂
)

1 3⁄

 (15) 
The first term in (15) was not included in Tung’s work and is 
included here to correct for the inclusion of the image force in 
(13). For very high patch densities, the image force terms can 
be neglected. 

B. Second Case: γ < γ0 
When the image force dominates the behavior, the value of 

the potential at the saddle point changes to: 
 𝑉(0, 𝑧0) ≈ 𝑉𝑏𝑏 + 𝑉𝑛 + 𝑉𝑎 − 𝜙𝐼 −

32𝜋𝜀𝛾3𝜉

27𝑞
 (16) 

In this case, the maximum is equivalent to that of the 
background barrier (the first four terms), with an additional 
factor based on the patch “strength”.    
 It is possible to derive expressions for the barrier and 
effective area from (16) using the same method as Tung—this 
has been included in the Appendix. However, it turns out that 
the final term can be ignored. We can see this by comparing the 
magnitudes of the last two terms of (16) as a function of the 
electric field. This is done in Fig. 5. It shows that the patch term 
is negligibly small compared to the image force term. As such, 
the patches have the same barrier as the background. We also 
see this graphically in Fig. 3 (b). Therefore, we can simply take 
the effective patch area to be 0 in (12) and treat the barrier as 
homogeneous. 

C. Continuous Patch Distribution 
For real diodes, we expect patches with a distribution of γ 

values, corresponding to distributions of patch sizes and 
barriers. Tung assumed a half Gaussian distribution, in which 
case the current is given by integrating over all patches, 

 𝐼 = 𝐴𝐴∗𝑇2 exp (
−𝑞𝜙𝐵

𝑘𝑇
) [exp (

𝑞𝑉𝑎

𝑘𝑇
) − 1]  

 × [1 + ∫ 𝐴𝑒𝑓𝑓
√2𝑐1

√𝜋𝜎
exp (

𝑞𝜙𝑒𝑓𝑓

𝑘𝑇
)

∞

𝛾0
exp (

−𝛾2

2𝜎2) 𝑑𝛾]  (17) 

Fig. 4. Plot of γ0 as a function of the band bending for several 
common semiconductors and with Nd = 1016 cm-3. This defines the 
minimum value for the patch parameter, γ, when using Tung’s 
model. Below this limit, the image force effect dominates the 
behavior. 
 

Fig. 5. Plot of the potential barrier reducing terms in (16) as a 
function of the surface electric field, ξ. For a patch parameter of 10-6 
cm2/3V1/3, the patch term in (13) (32𝜋𝜀𝛾3𝜉

27𝑞
) is >25 orders of magnitude 

smaller than the image force term, ΦI. As such, patch effects can be 
neglected. 
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where σ is the standard deviation of the patch parameter. 
Equation (17), derived in this paper, has two differences from 
Tung’s original work: 

1. The image force term is included for the background 
barrier [see (13) and (15)]. 

2. The limits of integration are changed. In Tung’s work, 
the integration is from 0 to ∞ [3]. However, we have 
shown that only patches with γ values above the 
minimum (γ0) contribute to the current. Therefore, the 
lower integration bound should be γ0 (strictly 
speaking, the equations are in error for 𝛾 ≈ 𝛾0, but this 
error is insignificant). 

Solving the integral in (17) we obtain 
 𝐼 = 𝐴𝐴∗𝑇2 exp (

−𝑞𝜙𝐵

𝑘𝑇
) [exp (

𝑞𝑉𝑎

𝑘𝑇
) − 1]  

 × [1 + 𝑓 exp (
𝑞2𝜎2𝑉𝑏𝑏

2 3⁄

2𝑘2𝑇2𝜂2 3⁄ −
𝑞𝜙𝐼

𝑘𝑇
)]  (18) 

where f is: 

 𝑓 =
4𝑐1𝜎2𝜋𝜂1 3⁄

9𝑉𝑏𝑏
1 3⁄  [1 + erf (

𝑞𝑉𝑏𝑏
1 3⁄

𝜎

√2𝑘𝑇𝜂1 3⁄ −
𝛾0

√2𝜎
)] (19) 

The value of this error function in Tung’s work was 1 [3]; 
however, the additional γ0 term means that for certain values of 
the standard deviation, the error function may be less than 1. 
 To analyze (19), we can set a pair of conditions on the error 
function, defined as when the magnitude of the argument is 
larger than 1.4. If the argument is greater than +1.4, the error 
function is >0.95 and approaches 1. In that case, (18) becomes 
Tung’s model for a continuous distribution, but with the image 
force effect added to the background barrier. If the argument is 
less than −1.4, the error function is <−0.95 and (19) approaches 
0 as the error function approaches −1. This is the case of a 
homogeneous barrier. 
 Quantitatively, these two conditions are: 

 𝜎±1 =
𝑘𝑇𝜂1 3⁄

√2𝑞𝑉𝑏𝑏
1 3⁄ (±1.4 + √1.42 +

2𝑞𝑉𝑏𝑏
1 3⁄

𝛾0

𝑘𝑇𝜂1 3⁄ ) (20) 

where σ+1 is the minimum value of σ, consistent with Tung’s 
model, whereas σ−1 is the maximum value for a homogeneous 
diode. Examples of these bounds plotted as a function of Vbb are 
shown in Fig. 6. The bounds, particularly σ+1, demonstrate 
significant temperature dependance; therefore, a diode may be 
consistent with Tung’s model at low temperatures, but begin to 
deviate as the temperature is raised. Furthermore, since the 
bounds are dependent on Vbb, significant deviations in the 
ideality factor may occur as the value of the error function 
changes with applied bias.  

III.  DISCUSSION 
We have demonstrated that, under certain conditions, Tung’s 

model requires modification or, in extreme cases, should be 
replaced by a homogeneous model. The question now is how 
relevant these corrections are for real diodes. For instance, our 
work and Tung’s model are identical under conditions of high 
patch density and large γ (or σ). If practical diode parameters 
are in this range, then the corrections we have provided here are 
insignificant. 
 Table I lists a handful of literature examples of diodes with 
parameters fitted to Tung’s model. We calculated the σ+1 and 
σ−1 bounds for each of those diodes at T = 300 K and Va = 0 V. 

A comparison of the bounds with the reported σ’s shows that 
some of the diodes are operated in the transition region where 
the system is intermediate between Tung’s model and a 
homogeneous diode. As such, the fits using Tung’s model are 
in error. Furthermore, many devices had σ within a factor of 2 
of the lower bound. The temperature dependance of σ+1 (see 
Fig. 6) means that these devices will enter the transition region 
at elevated temperatures. Additionally, all of the fits, including 
the devices for which Tung’s model is valid, did not consider 
the image force effect on the background barrier, which we 
have shown is necessary. These examples demonstrate that the 
corrections presented in this work are often relevant to practical 
diodes. 
 To test our model against practical data, we took one of the 
reported devices (marked as bold in Table I) which was 
operating near the transition and reanalyzed it with the 
corrected equations. The resulting current-voltage 
characteristics are shown in Fig. 7. Excellent fitting is achieved 
across a temperature span of 200 K and over more than 5 
decades of current values. By contrast, Tung’s model begins to 
deviate as the temperature is increased. The extracted value of 

Fig. 6. Example plots of the two bounds on σ for 1016 cm-3 doped Si, 
at (a) 100 K, (b) 300 K, and (c) 500 K. Above σ+1 Tung’s model for 
a continuous distribution of low barrier patches is valid (although the 
image force should be added to the background barrier height). 
Below σ−1 the diode is homogeneous. Between the bounds, it will 
transition between the two models. 
 

Fig. 7. Re-modeling the experimental current-voltage characteristic 
of an inhomogeneous Ti/4H-SiC Schottky diode from Ref. [12] using 
(18). The fitting was done using differential evolution. The extracted 
parameters were 1.34 eV, 4.37×10−5 cm2/3V1/3, and 5.6×1010 cm−2 for 
ΦB,0, σ, and c1, respectively. These parameters correspond to the 
device operating in the transition region for all plotted temperatures 
(except 173 K). The diode in question is marked as bold in Table I. 
Tung’s model, with the same parameters, is also shown for 
comparison. 
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σ was 4.37×10−5 cm2/3V1/3, which is smaller than originally 
reported using the uncorrected Tung model. This value 
corresponds to the device operating in the transition region for 
all but the lowest measured temperature. 

Our model and Tung’s model diverge when calculating a 
device’s temperature dependencies. For instance, the ideality 
factor-versus-temperature plot of a diode can significantly 
differ between the two models. An example of this is shown in 
Fig. 8. These plots (or apparent barrier height-versus-
temperature plots) are often used to detect inhomogeneity, by 
fitting the characteristic to Tung’s model [8]–[23]. Deviation 
from Tung’s model is sometimes interpreted as the presence of 
a multiple-Gaussian distribution of barrier heights [24]–[26]. 
However, our work has demonstrated another reason for such a 
deviation, which should be considered when fitting the 
characteristic. 

Other than device modeling, our theoretical findings 
presented here also have practical implications for Schottky 
diode fabrication. They indicate that abrupt and 
morphologically smooth metal–semiconductor interfaces can 
eliminate the effects of small, localized defects (at least for the 
forward bias and small reverse-bias currents). Interface 
roughness or interfacial dielectric layers may reduce the image 
force attraction. A rough interface may change the 

configuration of the induced image charge (potentially reducing 
net attraction to the surface), while an interfacial layer will 
move the conducting plane away from the barrier (reducing the 
influence of image charge on the barrier). Since the image force 
effect is reduced or eliminated, these interfaces are 
appropriately described by Tung’s original model. As such, 
these interfaces may not benefit as much from the defect 
elimination, as we have demonstrated mathematically in this 
work.  

One way that this can manifest is in the device variability, 
either die-to-die or wafer-to-wafer. Figure 9 shows the 
simulated current for a diode using our model and Tung’s 
model, as a function of the defect density. Tung’s model 
predicts a strong dependance (~10% change in current for the 
device in Fig. 9), which can manifest as device variability if the 
defect density changes across the wafer, or between wafers. On 
the other hand, under our model, the current is independent of 
the defect density. This is akin to comparing an abrupt interface 
(our model) to an interface with an interfacial layer which 
screens and removes the image force effect (Tung’s model, 
since it does not include the image force).  

As such, our work suggests that efforts to improve interface 
quality should seek to improve the roughness and abruptness. 

Fig. 8. Simulated ideality factor as a function of the temperature for 
a Schottky diode with σ = 4×10−5 cm2/3V1/3 and c1 = 1011 cm−2, using 
Tung’s model and (18). The simulated semiconductor is 1016 cm−3 
doped n-type Si with a barrier height of 0.8 eV. 
 

TABLE I 
COMPARISON OF σ VALUES FROM LITERATURE WITH THE BOUNDS DETERMINED IN THIS WORK  

Semiconductor Anode Doping 
(×1015 cm-3) 

Reported σ 
(×10-5 cm2/3V1/3) 

Calculated Bounds (×10-5 cm2/3V1/3) a Region b Ref. σ+1 σ−1 
GaN Pd 407 2.7 1.68 0.50 Near-Transition [8] 
GaAs Au 40 6.23 3.76 0.62 Near-Transition [9] 
GaTe Cd 16 6.4 4.45 0.84 Near-Transition [10] 
InP Au 11 6.8 6.56 0.78 Near-Transition [11] 

4H-SiC Ti 10 7.05 4.89 0.78 Near-Transition [12] 
GaAs Au 7.3 7.41 6.39 0.76 Near-Transition [13] 

β-Ga2O3 Pt 230 7.5 3.52 0.55 Tung [14] 
GaN Pt 10 8.44 4.72 0.79 Near-Transition [15] 
GaN Pt 10 8.59 4.74 0.80 Near-Transition [16] 
GaAs Au 26 8.7 14.0 0.99 Transition [17] 

Si Pd2Si 1.35 10.4 11.6 0.97 Transition [18] 
6H-SiC Pd 3 10.6 6.60 0.87 Near-Transition [19] 
4H-SiC Ni2Si 10 13.1 4.38 0.74 Tung [12] 

InP Mo 5 19 7.76 0.88 Tung [20] 
Si Sn 1.4 22 12.4 1.00 Near-Transition [21] 

ZnO Pd 8 53.2 5.41 0.79 Tung [22] 
4H-SiC Ni 1 70 8.78 0.97 Tung [23] 

a. Bounds were estimated at T = 300 K and Va = 0 V. 
b. “Tung” denotes devices with 𝜎 > 𝜎+1. “Transition” denotes devices with 𝜎−1 < 𝜎 < 𝜎+1. “Near-Transition” denotes devices which are in the Tung 
region at room temperature but are close enough (within a factor of 2) to the σ+1 threshold that they would move into the transition region if the temperature 
was increased. 

 

Fig. 9. Simulated current for a Schottky diode at 300 K with σ = 10−5 
cm2/3V1/3 using Tung’s model and (18). The simulated 
semiconductor is 1016 cm−3 doped n-type Si with a barrier height of 
0.8 eV. Current is evaluated as a function of the defect density (c1) 
when 0.7 V is applied across the diode and a 1 Ω series resistance. 
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These are metrics which are often sought after anyway, but our 
work has demonstrated a mechanism by which it can help to 
improve the current–voltage characteristics and the device 
variability. 

IV. CONCLUSION 
We have presented corrections to Tung’s inhomogeneous 

Schottky barrier model to account for the image force effect. 
We find that the image force smooths out any insufficiently 
“strong” patches. The minimum value for Tung’s patch 
parameter, γ, is approximately 2×10-5 cm2/3V1/3; below this 
value, Tung’s model is not applicable, and the diode should be 
treated as homogeneous. Above the limit, Tung’s model is 
applicable, but the background barrier height should be lowered 
by the image force.  

In the presence of a continuous distribution of patch sizes and 
barrier heights, the diode may behave as intermediate between 
a homogeneous barrier and one dominated by the defects. We 
surveyed several literature applications of Tung’s model and 
found that in many cases the devices are operating in this 
intermediate region. We derived the corrected equations for this 
region and demonstrated the ability of our corrected model to 
fit experimental current-voltage characteristics over a wide 
range of temperatures.  

APPENDIX 
To evaluate the total current of a low barrier patch, we need 

to determine the radial component of the potential in the 
vicinity of the patch saddle point [3]. Taking only the first non-
zero Taylor series coefficient, we can calculate from (2) that 

 𝑉(𝜌, 𝑧0) ≈ 𝑉(0, 𝑧0) +
3𝑉𝑏𝑏Γ3𝑊2𝜌2

2𝑧0
4  (21) 

For the case where the image force is dominant, 𝑧0 = 𝛼𝑊. 
Therefore, 

 𝑉(𝜌, 𝑧0) ≈ 𝑉(0, 𝑧0) + 3
29𝑉𝑏𝑏

3 Γ3𝜋2𝜀2𝜌2

𝑞2  (22) 
where (16) defines the first term. 

The forward current of the patch is then obtained as  
 𝐼𝑝𝑎𝑡𝑐ℎ = 𝐴∗𝑇2 ∫ 2𝜋𝜌 exp [−

𝑞𝑉(𝜌,𝑧0)−𝑞𝑉𝑎

𝑘𝑇
] 𝑑𝜌

∞

0
 (23) 

where we are integrating over the radial component to 
determine the current for the entire patch. Calculating this 
integral, we obtain 
𝐼𝑝𝑎𝑡𝑐ℎ =

32

29

𝐴∗𝑘𝑇3

𝑉𝑏𝑏𝜋𝑁𝑑𝛾3𝜀
exp (

−𝑞

𝑘𝑇
[𝜙𝐵,0 − 𝜙𝐼 −

32𝜋𝜀𝛾3𝜉

27𝑞
− 𝑉𝑎]) (24) 

Comparing this to the standard thermionic emission equation, 
we can determine the effective area, 
 𝐴𝑒𝑓𝑓 =

32

29

𝑘𝑇

𝑉𝑏𝑏𝜋𝑁𝑑𝛾3𝜀
 (25) 

and the effective barrier height, 
 𝜙𝑒𝑓𝑓 =

32𝜋𝜀𝛾3𝜉

27𝑞
 (26) 

However, these values should not be used with (12)—the 
reason is that since the potential varies very slowly in the radial 
direction in this case (because the barrier is only negligibly 
different to the background), the calculated effective areas are 
much larger than those calculated from Tung’s model. 
Therefore, it is not appropriate to treat the interface as a dilute 
distribution of low barrier patches. Attempting to do so results 
in errors since the patches are effectively overlapping one 

another (the total effective area will be greater than the actual 
physical area of the diode). 
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PART III 

Electron Trapping at Oxide–SiC Interfaces 
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Near-Interface Trap Model for the Low
Temperature Conductance Signal

in SiC MOS Capacitors With
Nitrided Gate Oxides

Jordan R. Nicholls , Arnar M. Vidarsson, Daniel Haasmann, Member, IEEE,
Einar Ö. Sveinbjörnsson , and Sima Dimitrijev , Senior Member, IEEE

Abstract—The low channel-carrier mobility in commer-
cial SiC MOSFETs has been attributed to fast electron traps
labeled “NI.” These traps exhibit anomalous behavior com-
pared to other interface trap signals. Furthermore, the elec-
trical parameters extracted from a conventional interface
trap analysis of the NI signal are not physically reasonable.
To explore the origin of these traps, we fabricated SiC MOS
capacitors and measured the conductance across a range
of temperatures (between 50 and 300 K). By analyzing the
surface electron density at the signal peaks, it is evident
that these traps are in fact near-interface traps (NITs)—they
are located within the oxide and exchange electrons via a
tunneling mechanism. We also developed a model for the
conductance generated by NITs and demonstrated a good
fit to the experimental data. The knowledge that the NI signal
is due to NITs will help in directing future efforts to improve
SiC MOSFET performance.
Index Terms—MOS capacitors, MOS devices,

near-interface traps (NITs), silicon carbide, tunneling.

I. INTRODUCTION

S iC metal–oxide–semiconductor field-effect transistors
(MOSFETs) have recently been commercialized for power

electronics. These devices use nitrided silicon dioxide as a
gate dielectric, grown or annealed in N2O or NO ambient
[1], [2]. The nitridation treatment strongly reduces the density
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of interface traps at the SiO2–SiC interface and leads to
enhanced channel mobility [3]–[11]. However, low electron
channel mobility still limits the device performance, and this
has been attributed to very fast interface traps, labeled “NI,”
which are present in nitrided oxides [1], [12], [13]. The origin
of NI traps, which are also present in dry thermal oxides but
with lower trap density, is not known [13].
The NI traps are observed using conductance analysis at

low temperatures, or by using very high-frequency (100 MHz)
analysis at room temperature [12]–[14]. The conductance
analysis is based on the assumption that the NI signal is due
to conventional interface traps with energy levels within the
semiconductor bandgap. The extracted electrical parameters
suggest that the NI traps have a wide energy distribution,
located 0.06–0.55 eV below the SiC conduction band edge,
as well as extremely wide electron capture cross section
range (10−16–10−9 cm2) [13], [14]. The largest capture cross
sections are many orders of magnitude larger than previ-
ously reported for insulator/semiconductor interfaces and lack
physical relevance [15]–[19]. The NI signal is clearly anom-
alous and treating it as a signal from conventional interface
traps at the SiO2/SiC interface gives unreasonable electrical
parameters.
In this work, we examine the NI conductance signal in

more detail and find that it can be explained by tunneling of
electrons between the SiC conduction band and near-interface
traps (NITs). This interpretation agrees with all the experimen-
tal conductance data, which also explained the reason for the
conventional extraction method failure in this case. We also
model the theoretical conductance–temperature signal gener-
ated by NITs and find excellent agreement with measurements
of the NI signal.

II. EXPERIMENTAL DETAILS

The SiC samples used in this study have n-type epitaxial
layers with net doping concentrations of ∼1 × 1016 cm−3
grown on highly doped 4◦ off-axis Si face n-type 4H-SiC
substrates. Reference samples with oxide thicknesses of 44 nm
were made using dry oxidation at 1250 ◦C for 60 min. The
nitrided samples were made by dry oxidation at 1250 ◦C for
60 min followed by annealing in pure NO at 1250 ◦C for 40 or
60 min, resulting in an oxide thickness of 41 nm. Al-gate MOS
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Fig. 1. Conductance spectra for a dry oxide sample (dotted curves)
and NO annealed sample (solid lines) as a function of temperature. For
both samples, the signal peaks shift to lower temperatures when the dc
gate bias is increased (as indicated by the arrows). The dc gate voltages
during the sweep for the NO measurements were −1.0, −0.8, −0.75,
−0.6, −0.5, −0.35, and −0.25 V. For the dry oxide sample, the dc gate
bias was increased in 0.25 V steps from −1.5 to −0.25 V. The NI peak
is only detected when the gate voltage is between 0.4 and 0.9 V below
flatband, while the OX peak has a wider voltage range and is shown here
when the gate voltage is varied from flatband to 1 V above flatband.

capacitors were formed by sputtering of Al on the front side
followed by lithography and wet etching. Al also served as a
backside contact.
All measurements were conducted in a closed-cycle helium

cryostat controlled with a Lakeshore 331 temperature con-
troller. Capacitance–voltage (CV) measurements were per-
formed with Agilent E4980A LCR meter at fixed temperatures
between 50 and 300 K. The gate bias was swept from deep
depletion (−10 V) to strong accumulation (10 V) using an
ac signal of 10-mV amplitude at frequencies ranging from
1 kHz to 1 MHz. Reference measurements at 300 K were
conducted in between the low temperature measurements to
ensure that no charge had been trapped in the oxide. Conduc-
tance spectroscopy was performed using the same LCR meter.
The samples were cooled to 50 K with no applied voltage to
the capacitor. At 50 K, a dc gate voltage was applied along
with an ac test signal of 10 mV at frequencies between 1 kHz
and 1 MHz. The sample was then heated with a constant ramp
of 5 K/min up to 300 K, and the conductance was monitored
as a function of temperature. The measurements were then
repeated for different dc gate biases. The ramp rate has a
negligible (less than 0.5 K) effect on the temperature location
of the conductance peaks.

III. ANALYSIS OF EXPERIMENTAL RESULTS

Fig. 1 shows conductance data for two different MOS
samples using a test frequency of 100 kHz. The dotted curves
denote the reference dry oxide, while the solid curves are for
a dry oxide sample annealed in NO at 1250 ◦C for 40 min.
The signal at ∼75 K is detected for all gate voltages and is
due to the nitrogen dopant on a cubic site, while the signals
labeled NI and OX are related to traps and are not observed
under deep depletion bias [13]. The different curves for each
sample are recorded at different dc gate voltages, and both

the NI and OX peaks shift to lower temperatures when the
gate voltage increases. The density of OX traps is strongly
reduced by nitridation, and in the NO sample, the OX peak is
not clearly visible. The NI peak is more prominent in the NO
sample and also observed in the dry oxide sample, which is
in agreement with previous work [13].
It is possible to estimate the thermal activation energy of

the electron emission process from interface traps and evaluate
its apparent electron capture cross section using conductance
analysis. The interface trap density can be extracted from the
magnitude of the conductance peak. Based on such analysis,
the density of interface traps as a function of energy within the
semiconductor bandgap is frequently presented in [13]–[16].
Let us first consider the conductance data shown in Fig. 1

for the dry oxide sample. The most prominent signal OX
agrees with the results by Yoshioka et al. [13]. The OX
signal is detected in dry thermal oxides and is attributed to
interface traps that are present in thermal oxides. The OX
signal observed here is detected for a wide range of gate
voltages that span from depletion to accumulation (from −3 to
3 V) but is most prominent in weak accumulation which is
depicted in Fig. 1. Conventional Arrhenius analysis of the
OX data (not shown) gives activation energies in the range
of 0.3–0.4 eV and apparent electron capture cross sections in
the 10−16 cm2 range, which is in agreement with literature
data [12].
The behavior of the NI signal in the NO annealed sample

is strikingly different from the OX peak. The NI peak is only
detected in a very narrow gate voltage range; in this case,
between −1 and −0.25 V. The gate bias when the NI peak
appears corresponds to depletion in all cases, independent of
what the test frequency is used. Using the Arrhenius analysis
for the NI peak (not shown), we obtained activation energies
between 0.2 and 0.45 eV and electron capture cross sections
in the range 10−13–10−11 cm2, which is in line with reported
values [13]. However, as mentioned previously, these capture
cross sections are way too large to be physically explainable,
which suggests the analysis could be incorrect.
The extraction method is based on the specific assumption

that the thermal-emission rate of the trap is the rate-limiting
factor in the analysis rather than the electron capture rate of
the trap [16]. If we consider specific interface traps at a certain
energy level E , then the capture rate of electrons Rc is

Rc = cn pTns (1)

where cn is an electron capture coefficient, pT is the density
of unoccupied trap states per unit area, and ns is the surface
electron density in the SiC conduction band [17]. For simplic-
ity, we assume that the traps are mostly empty prior to capture
so pT is approximately equal to the total density of traps per
unit area, NT. The capture rate rc per trap is then

Rc
NT

= rc = cnns. (2)

The capture rate per trap is therefore proportional to the
surface electron density at the SiO2–SiC interface and
depends therefore strongly on the gate bias. The peak
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Fig. 2. Surface density of electrons when the NI and OX peaks appear
as a function of temperature. Data for NI are also shown at 10 kHz and
1 MHz. Each point corresponds to a different dc gate bias (larger biases
correspond to lower temperatures).

signal is detected when both the capture and emis-
sion rates from the traps, rc and rr, are proportional to
the frequency ( f ); for a distribution of interface traps,
rr ≈ π f and for a single level trap, rr = 2π f [16]. We note that
all trap parameters are extracted with the assumption that the
location of the conductance peak in temperature for different
gate biases reflects the temperature at which the thermal emis-
sion rate is proportional to the frequency [13]–[16]. As will be
discussed, this applies to the OX signal but not the NI signal.
We calculated the surface electron density ns from the

surface potential that is estimated from CV analysis at different
temperatures [16]. Fig. 2 shows ns when the NI peak is
observed as a function of temperature. The data for the OX
signal are also shown. For the OX peak, it is observed that ns
increases steadily with gate bias and the peak moves to lower
temperatures. This is the expected behavior if the OX peak is
due to a distribution of interface traps within the SiC bandgap.
As we increase the gate voltage, traps with energy levels close
to the Fermi-level respond to the ac signal. By increasing
the gate bias, the response is due to traps with energy levels
closer to the SiC conduction band that have a higher emission
rate. Consequently, the peak shifts to lower temperatures in
order to lower the thermal emission rate back down to being
proportional to the frequency.
However, the surface electron density when the NI peak

is observed is practically constant for a given test frequency.
For a frequency of 100 kHz, we note that ns is approximately
1 × 1014 cm−3. This is an unexpected behavior for interface
traps distributed in energy within the SiC bandgap. To probe
the traps closer to the SiC band edge, one would need the
Fermi level to move closer to the conduction band edge and
the electron surface density would then increase, as in the case
of the OX signal. This does not happen here. Instead, a certain
value of ns is necessary to detect the NI peak. It is also clear
that ns depends on the test frequency. For 1 MHz, ns is of the
order of 1 × 1015 cm−3, which is about ten times higher than
at 100 kHz. Based on this, we can conclude that for a given
test frequency, and certain ns is needed to detect the NI peak.
This shows that the capture rate of electrons into NI traps is the

rate-limiting process in the conductance analysis, and not the
electron emission. The NI peak position reflects the capture
rate, and for a given test frequency, the peak appears at a
temperature corresponding to a given surface electron density.
We can now explain how the NI peak shifts to lower tem-

peratures with the increasing gate bias. First, assume that the
NI peak appears at a certain temperature for a given gate bias.
At that instant, ns is constant. The gate bias is then increased
but the temperature is kept constant. The surface potential
ϕs increases, and the electron surface density ns increases
exponentially according to ns = ND exp((qϕs)/(kT )), where
ND is the net donor concentration, k is Boltzmann’s constant,
and T is the absolute temperature [16]. The capture rate rc,
therefore, increases and is well above the test frequency. To
observe the NI peak again after this increase in gate bias, the
temperature needs to be lowered until ns returns to its initial
value.
The NI signal appears when appreciable electron surface

density is reached, which corresponds to depletion conditions.
Above flatband, the high electron density results in capture
rates well above the highest test frequency and the NI signal
cannot be detected.
The behavior of these traps is not consistent with interface

traps. Therefore, we conclude that this signal must be due
to tunneling to NITs within the oxide. This is because,
to match Fig. 2, the release rate needs to be independent
of temperature. This, therefore, rules out thermal emis-
sion, leaving the only mechanism to be tunneling. It may
appear counter-intuitive that a tunneling process would pro-
duce a temperature-dependent conductance signal, consider-
ing that tunneling is a temperature-independent phenomenon.
However, the magnitude of electron capture, even for a tun-
neling process, will be directly related to the surface electron
concentration. Therefore, it is the change in electron density
that causes the conductance shape. To further test this hypoth-
esis, we will model the conductance due to NITs and compare
the model to the measured data.

IV. NIT MODEL

In this work, we will not be assuming that the traps are
in thermal equilibrium with neither the SiC nor the SiO2.
The only mechanism by which they can capture or release
electrons is via elastic tunneling. This means that the release
process is temperature independent. The quantum-mechanical
dynamics associated with tunneling state transitions between
the conduction band and defect states in the SiO2 are rather
complex [19]–[24]. To simplify the problem, we will use a
semiclassical model which will provide a good comparison to
the standard interface-trap analysis.
The probability of a trap being occupied ( ft) is governed

by the following simple differential equation:
d ft
dt

= rc(1− ft) − rr ft (3)

where rc and rr are rates at which an electron is cap-
tured or released from the trap. In the absence of a signal,
the trap occupancy will reach an equilibrium. However, when
conductance measurements are performed, the oscillation of
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Fig. 3. Energy band diagram of the oxide–SiC interface in depletion.
The active NITs during measurement occupy a small region in lateral
depth and in energy. They exchange electrons with the SiC conduction
band via direct tunneling only. Note that this diagram is only for illustration
purpose.

the signal causes fluctuations in rc. This leads to fluctuations
of ft , producing a current that is measured as a nonzero con-
ductance. The current produced by the traps (IT) is given by

IT = q ANT
d ft
dt

(4)

where q is the elementary charge and A is the gate area.
As illustrated in Fig. 3, we will consider that the active

traps are located within a small range of energies and that
they are spatially located in a narrow region adjacent to the
SiC surface. This region is defined as where the traps all
have approximately the same capture rate as one another,
and approximately the same release rate as one another.
Therefore, we can model this region by a single trap with
an effective areal density NT. This quantity is obtained by
integrating the trap density (with units m−3 eV−1) over these
narrow energy and spatial regions. Note that, although we
have illustrated the traps in Fig. 3 as being located within the
SiO2, there is evidence that the SiC–SiO2 interface contains
a disordered region [25], [26]. The traps may be located
in such a region, but this would not significantly affect
the modeling. Energetically, the traps need to be aligned
with the SiC conduction band. This is because the tunneling
needs to be elastic for the release process to be temperature
independent. Other tunneling mechanisms, such as inelastic
tunneling [27]–[29], create energy barriers for the release
mechanism and so introduce temperature dependencies.
The release rate rr will be taken as proportional to the

measurement frequency. Traps that respond slower than the
measurement frequency will not have enough time to be
emptied between peaks of the input signal, while traps that
respond faster than the measured frequency will release the
trapped electrons almost immediately in comparison to the
period of the signal. In either of these cases, the measured
conductance is insignificant. Therefore, despite there being a
large range of trap time constants within the SiO2 bandgap,
it is reasonable to only model the strongest signal. In analogy
with thermal emission, we will take rr = π f [16].
For the capture rate rc, we will consider the number of

electrons that attempt to tunnel into the traps per second and

multiply by the tunneling probability. Since the capacitor is
biased in depletion, the band structure in the SiC is similar to
that of a Schottky diode, and so we can calculate the number
of electrons that attempt to tunnel using the same method
by which the forward-bias current of a Schottky diode is
derived—namely, by considering the total number of electrons
and multiplying by their velocity normal to the interface [30].
For gate voltages below flatband, the Fermi–Dirac

distribution can be approximated by the Maxwell–Boltzmann
distribution. This enables us to simplify the equation for the
total number of electrons that hit the interface per unit time and
per unit area (Nhits), which was derived in [30]. The result is

Nhits = 4πmk2T 2

h3
exp

(
q(ϕs − Vbulk)

kT

)
(5)

where Vbulk is the difference between the Fermi level (Ef)
and the bottom of the conduction band (Ec) in the bulk.
The capture rate of a single trap is the number of electrons

that hit within the capture cross section area of the trap (σ)
and multiplied by the probability P for each electron to tunnel
to the trap level. Therefore,

rc = σ PNhits = σ P
4πmk2T 2

h3
exp

[
q(ϕs − Vbulk)

kT

]
. (6)

Once the capture and release rates are known, the trap
occupancy can be evaluated using (3), and the current deter-
mined by (4). This is then used to determine the conductance.
Detailed information on how the conductance is numerically
evaluated and how fitting is performed is provided in the
Appendix.

V. COMPARISON BETWEEN MODEL AND EXPERIMENT

To compare our NIT model with the measured data, we used
data from a dry oxide sample annealed in NO at 1250 ◦C
for 60 min. The measurements were taken at three different
dc gate biases (−0.5, −0.625, and −0.75 V), and at four
different frequencies (1 k, 10 k, 100 k, and 1 MHz). Each
bias and frequency was fit independently of one another using
differential evolution. The fitting was limited to ±20 K from
the peak temperature; this region is where we can reasonably
approximate the surface potential as constant. The three fitting
parameters were NT, the surface potential in the absence of the
signal (ϕs0), and the capture rate preexponential (rc0)—greater
detail on these last two fitting parameters, as well as the fitting
procedure in general, is given in the Appendix. To construct
the conductance–temperature plots, we used the parameters
from the peaks to extrapolate to higher and lower temperatures.
The resulting plots are shown in Fig. 4, with the values of the
fitting parameters listed in Table I.
Fig. 4 shows a very good agreement between the measured

and modeled curves across all biases and frequencies. There
is some disagreement away from the peak position—at low
temperatures, the modeled data tend to overestimate the con-
ductance (ignoring the peak due to the dopants), while at
high temperatures it underestimates the conductance. We can
account for these discrepancies when we consider that we have
taken the surface potential to be constant with temperature.
Obviously, this is a simplification. Even a very rudimentary
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Fig. 4. Measured (lines) and modeled (symbols) conductance–temperature plots at (a) 1 kHz, (b) 10 kHz, (c) 100 kHz, and (d) 1 MHz. Measurements
were performed at three different gate biases (−0.5, −0.625, and −0.75 V) on a sample annealed in NO for 60 min. The modeled curves were fit to
the measured data near the speaks, and then extrapolated to higher and lower temperatures. Greater detail of the fitting is provided in the Appendix.

TABLE I
EXTRACTED PARAMETER VALUES

analysis of the CV data shows that the flatband voltage,
and hence the surface potential, changes as a function of
temperature (specifically, ϕs becomes more negative at lower
temperatures). Because of this, the semiconductor band bend-
ing will be greater for temperatures lower than the peak, and
smaller for higher temperatures. Accordingly, this will result

in an overestimation of the conductance at low temperatures
and an underestimation at high temperatures.
Two other effects may contribute to the deviations between

the model and the measured data. At low temperatures,
we need to consider that the donors will not remain fully
ionized, as we have implicitly assumed in the model. For
instance, approximately half of the donors are ionized at
100 K [31], and this continues to decrease as we approach the
dopant peak. This is another factor that will cause an overes-
timation of the conductance. At high temperatures, we need
to account for other sources of conductance; in particular,
thermal noise may be a factor. There is also the OX signal
to consider, which although strongly reduced by nitridation,
may still contribute to the background signal. These effects
will combine additional conductance to the modeled value,
leading to underestimation.
If we look at the fitting parameters, we find that the

surface potential is not strongly dependent on the gate bias.
This matches the behavior observed in Fig. 2—since the
rate-limiting process is electron capture, the surface potential
at the peaks will all be approximately equal in order for the
ns to be equal.
The trap density, on the other hand, increases both with

frequency and with applied bias. The frequency dependence
reflects the fact that, in this model, different traps are probed
when the frequency is changed. Since the trap response time is
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proportional to the tunneling probability, faster response times
are associated with traps closer to the interface. Therefore,
the increase in trap density with frequency corresponds to a
decrease in density with distance from the interface. This effect
also accounts for the frequency dependence of rc0.
The gate bias dependence on the trap density may

be explained by the different peak temperatures at each
bias. Most of the electrons hit the interface with kinetic
energy ∼kT. Therefore, as the bias and peak temperature are
changed, the energy-dependent tunneling probability, or per-
haps even the specific traps being probed, changes. This can
also explain the bias dependence in rc0, although in that case
the different peak temperatures may also cause changes in the
dopant ionization, which will affect the rc0 value.
The values of the trap density are all on the order of

1010 cm−2. At first glance, this seems very small. The reason
for this apparently small value is that we are probing an
extremely narrow range of depths within the oxide. The tun-
neling probability rapidly decays with the distance away from
the interface. Therefore, the range of depths that correspond to
a certain frequency is very narrow. Integration of even a very
large volumetric trap density over this narrow range will result
in small effective areal densities. In this regard, the magnitude
of the trap densities is not surprising.
We can use the relationship between rc0 and σ to estimate

a lower bound for the capture cross section. If we assume
P ≈ 1 for the fastest traps, the smallest value for the capture
cross section is 6.5 × 10−14 cm2 (this value is obtained using
m = 1.2me for SiC [32], where me is the free-electron mass).
For P < 1, the value of σ is larger than 6.5 × 10−14 cm2,
because the product σ P in (6) has to remain the same.
This cross section value is quite reasonable.

In Shockley–Read–Hall analysis of thermal emission
and capture, cross sections on the order of 10−13 cm2 are
typically indicative of Coulomb attraction between the defect
and the carrier [33]. A similar effect can occur for tunneling
defects, since a positively charged defect very close to the
interface could cause a localized fluctuation in the surface
potential that would lead to an increased cross section. From
the value of the cross section, it does appear that the traps are
very close to the interface. Tunneling probability, regardless
of how it is modeled, drops exponentially with distance from
the interface. Given that the product σ P in (6) has a constant
value, a reduction of tunneling probability by several orders
of magnitude would imply an increase in the cross section to
unrealistic levels.
It should be noted that temperature effects can cause errors

in the extracted rc0. As stated previously, we have assumed a
constant ϕs when fitting our model. A temperature-dependent
surface potential will cause an increase in the measured
cross section. This is because an increase in cross section
is mathematically equivalent to making the surface potential
linearly temperature-dependent. In fact, this can explain why
we were able to achieve such good fits despite the rather weak
assumption of a constant ϕs—all first-order changes in ϕs with
temperature are absorbed into rc0, and only once higher-order
terms kick in do we see deviations (which does not happen
until far from the peak). As a consequence, the capture

cross section in the usual meaning may yet be smaller than
6.5 × 10−14 cm2.

VI. CONCLUSION

In this work, we have investigated in detail the origin
of the so-called “NI” trap observed in nitrided SiC oxides.
We have demonstrated compelling evidence, based on the
surface electron concentrations at the conductance-versus-
temperature peaks, that the trap is capture rate limited. This
suggests that it is due to NITs rather than conventional
interface traps. Furthermore, we have developed a model to
calculate the conductance of these NITs and have shown strong
agreement between the proposed model and the measured data.
The knowledge that the NI signal is due to NITs will be
beneficial in directing efforts to improve SiC oxide quality and
SiC MOSFET mobility. Our model can also be used to help
understanding defects in MOS devices with other dielectrics
and/or semiconductors.

APPENDIX

When rc is a function of time as it is in this model, there is
no explicit solution to (3). To solve numerically, we discretized
time for one period of the input signal. For each small time
step, rc can be taken to be constant and (3) can be used
to evaluate the change in ft over the small time interval.
This process is repeated for the entire period. Based on (6),
the nonequilibrium capture rate is

rc = rc0T 2exp
[
q(ϕs0 − �ϕs − Vbulk)

kT

]
(7)

where rc0 is used for fitting and contains all of the preexpo-
nential components apart from T 2, ϕs0 is the surface potential
in absence of the small signal, and �ϕs is the oscillation in the
surface potential due to the applied signal voltage. The surface-
potential parameter is calculated by evaluating the Poisson
equation, and includes the change in the trapped charge as
the traps capture and release electrons. We assume that the
only charge that is changing over the period of the signal is
due to the traps we are modeling (i.e., no other traps respond).
For simplicity, we also assume that this charge is located at
the interface when solving the Poisson equation.
After computing one period, the value of ft at the start

and end is compared. These need to be equal for steady-state
measurements. Therefore, if they are not equal (in practice, if
their difference is above a set threshold), then we calculate ft
for another period of the input. This process is repeated until
the steady-state condition is reached.
Once the occupancy as a function of time has been deter-

mined, we can evaluate the current due to the traps using (4).
This current is then added to the current due to the changing
depletion-layer width (IW) to create the measured current (IM)

IM = IT + IW = q ANT
d ft
dt

− qND
dwd

dt
(8)

where wd is the depletion layer width, which is a function of
time due to the oscillations in �ϕs.
We fit a sinusoid to the measured current in order to

automatically extract the amplitude and phase. These were
then compared to the input-voltage signal to determine
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the impedance. Finally, this impedance was interpreted using
the same circuit model as the measurement apparatus (parallel
capacitor and resistor) in order to determine the measured
conductance.
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ABSTRACT

The state-of-the-art technology for gate oxides on SiC involves the introduction of nitrogen to reduce the density of interface defects.
However, SiC metal–oxide–semiconductor (MOS) field-effect transistors still suffer from low channel mobility even after the nitridation
treatment. Recent reports have indicated that this is due to near-interface traps (NITs) that communicate with electrons in the SiC
conduction band via tunneling. In light of this evidence, it is clear that conventional interface trap analysis is not appropriate for these
defects. To address this shortcoming, we introduce a new characterization method based on conductance–temperature spectroscopy. We
present simple equations to facilitate the comparison of different fabrication methods based on the density and location of NITs and give
some information about their origin. These techniques can also be applied to NITs in other MOS structures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037744

I. INTRODUCTION

Compared to other wide bandgap semiconductors, SiC has the
advantage of being able to grow a native oxide. This desirable
property has driven investment in SiC power devices over the past
two decades.1,2 However, the quality of as-grown oxides in dry O2

is insufficient to be used as the gate dielectric for metal–oxide–
semiconductor field-effect transistors (MOSFETs).1,2 The quality of
SiC gate oxides was improved significantly with the introduction of
nitrogen into the fabrication process.1–11 Oxide growth or post-
oxidation annealing in N2O or NO ambient reduces the density
of interface defects to sufficient levels for commercial fabrication of
SiC MOSFETs.1–11

However, despite these improvements, SiC MOSFETs have
still not achieved the theoretical limits of the material. One issue
with modern SiC MOSFETs is low channel-carrier mobility.1,2

Fast traps, sometimes labeled “NI,” have been assumed as one of
the primary contributors to this problem.1,12–14 These traps can be
observed in the high frequency or low temperature conductance of
test MOS capacitors.12–14

When the conventional interface-trap analysis is applied to
these defects, the extracted properties are physically unreasonable,
leading to questions about their origin. Recently, new evidence has
suggested that these traps are due to near-interface traps (NITs),
rather than conventional interface states. In our previous paper, we
showed that the peak of the NI signal in conductance–temperature
(G–T) spectroscopy measurements is associated with a specific
surface electron density, irrespective of the gate bias.15 Zhai et al.
found a similar result by using standard interface trap characteriza-
tion of low temperature conductance–frequency measurements.16

They observed that the trap time constant was independent of the
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surface potential.16 Neither of these results can be accounted for by
the conventional interface states, and so suggest that the signal is
caused by NITs which are aligned with the SiC conduction band.

In light of this new evidence, it is clear that interface trap
characterization techniques are not appropriate for the NI signal.
However, characterization is still important for modeling and for
the evaluation of different fabrication processes. One approach to
this issue is to implement numerical simulations of NIT conduc-
tance and then extract the properties by fitting to the measured
data.15 This approach works but it is far too computationally
expensive to see the practical use for comparing oxidation pro-
cesses, especially at scale.

With this in mind, this paper introduces a new method for
characterizing the NI signal from G–T measurements. The method
is based on newly derived simple equations, which allow for fast
approximation of trap densities and lateral positions to enable rapid
evaluation of oxide quality. Furthermore, the equation parameters
can be used to plot the theoretical conductance signal. We verify the
new method and equations by comparing an NO post-oxidation
annealed MOS capacitor to one with an oxide grown in NO.

II. CHARACTERIZATION METHOD

The most important assumption in this work is that the traps
exchange electrons with the SiC conduction band via tunneling.
Therefore, the process by which the electrons are released from the
traps is temperature independent. This is based on the recent
reports regarding the NI trap properties, which were outlined in
Sec. I.15,16 This is critical, and the present analysis is only possible
because this has now been verified.15,16

To begin, we must first consider that at a fixed frequency,
most of the measured NIT conductance signal will be due to a very
narrow range of traps (in both energy and lateral depth). Therefore,
we will assume that the conductance can be reasonably approxi-
mated as that of an average trap, with an effective areal density NT

and a single electron capture and release rate (RC and RR), as
opposed to rate distributions. This is a necessary simplification; in
the standard interface trap analysis, the treatment of a continuum
of traps is made possible only because the traps are in thermal
equilibrium with the semiconductor.17 For NITs, this is not the
case, and so complete knowledge of the trap distribution and
response characteristics throughout the SiO2 bandgap would be
required to accurately model the conductance. Not only is this
impractical, but due to the current lack of knowledge about the
responsible defect(s), it is not possible. That being said, just
because this assumption is required does not mean it is poor, as
has been shown in numerical simulations15 and as we will see later
in this work.

The parallel conductance (GP) of traps characterized by a
single capture and release rate is given by17

GP ¼ q2NTA
kT

� RCRR

RC þ RR
� ω2

(RC þ RR)
2 þ ω2

, (1)

where q is the elementary charge, A is the gate area, k is
Boltzmann’s constant, T is the absolute temperature, and ω is the
angular frequency. Equation (1) was first derived for interface

traps,17 but it equally applies for NITs. A derivation of Eq. (1) is
included in the Appendix. From Eq. (1), it is clear that the stron-
gest signal will be detected when the capture and release rates are
both equal to ω/2. It is reasonable to assume that the “average” trap
will be one with the strongest response since traps around this will
produce most of the measured signal. Therefore, we will assume
that the “average” trap will be one with RR = πf, where f is the mea-
surement frequency. The G–T spectroscopy signal occurs because,
by changing the temperature, we sweep RC continuously from <RR
at low temperatures to >RR at high temperatures, generating a con-
ductance peak in the process.

The conductance from Eq. (1) appears in parallel with the
semiconductor capacitance, and in series with the oxide capaci-
tance, as depicted in Fig. 1(a). On the other hand, measurements
frequently apply a parallel conductance–capacitance model to inter-
pret the amplitude and phase relationships between the voltage and
current signals [Fig. 1(b)]. Therefore, the first step in our method is
to extract the trap conductance from the measured signal. The par-
allel conductance can be extracted from the measured capacitance
(Cm) and conductance (Gm) by

18

GP

ω
¼ ωGmC2

ox

G2
m þ ω2(Cox � Cm)

2 , (2)

where Cox is the oxide capacitance.
When using other analysis techniques, the conductance is fre-

quently normalized before it is interpreted. In our case, it is convenient
not only to normalize the conductance by dividing by ωA, as is
common, but also to multiply it by T. This removes the 1/T term in
Eq. (1), which can cause the peak location to shift slightly. On a plot of
GPT/ωA vs T, the peak occurs exactly when RC = RR = πf. Substituting
this into Eq. (1), we get the following equation, which allows us to
extract the trap density from the normalized conductance peak:

NT ¼ 8k
q2

GPT
ωA

� �
peak

: (3)

Next, to determine the trap depth, we need to describe the
capture process. Using a semi-classical model, RC is the product of

FIG. 1. (a) Equivalent circuit of a MOS capacitor and (b) the measured circuit.
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the number of electrons that hit the interface per unit time and
area (Nhits), the capture cross section (σ), and the tunneling proba-
bility (P),15

RC ¼ σPNhits ¼ σP
4πmk2T2

h3
exp

q(ws � VS)
kT

� �
, (4)

where m is the electron effective mass, h is Planck’s constant, and
wS is the surface potential. VS is the difference between the
Fermi level and the bottom of the semiconductor conduction band
in the bulk,

VS ¼ kT
q
ln

NC

ND

� �
, (5)

where ND is the donor concentration and NC is the effective density
of states at the bottom of the conduction band.

At the peak, we can evaluate Nhits [see Eq. (4)]. Then, given
that the capture rate at the conductance peak is equal to πf, Eq. (4)
can be rearranged for P. Note that this requires using an assumed
value for σ, and in the subsequent analysis this value is presumed
to be independent of the applied temperature.15 If a Wentzel–
Kramers–Brillouin (WKB) approximation for a square barrier is
used to model the tunneling probability, then the trap depth (x) is

x ¼ x0 ln
σNhits�peak

πf

� �
, (6)

with

x0 ¼ h

4π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mtqfB

p , (7)

where mt is the electron tunneling effective mass and fB is the
barrier height (in eV).

Extraction of the trap depth and subsequent modeling of the
G–T characteristic requires precise knowledge of wS. Any method
to extract this quantity can be used; however, the capacitance–
voltage (C–V) characteristic becomes highly non-ideal in the vicin-
ity of the NI signal, meaning traditional methods based on the use
of C–V curves may become unreliable.

To proceed, we propose a new technique to extract wS directly
from the width of the NI peak in GPT/ωA vs T plots. If the peak is
described by Eqs. (1) and (4), then we can evaluate RC at any point
on the theoretical curve (in terms of the measurement frequency).
Relevant examples of these RC values are listed in Table I. We can
then take two temperatures (T1 and T2), and assuming that wS is
approximately constant between them, generate two simultaneous
equations from Eq. (4). Solving for wS, we find

ws ¼
�kT2T1

q(T1 � T2)
ln

RC1T2
2

RC2T2
1

� �
þ T1VS2 � T2VS1

T1 � T2
, (8)

where the subscripts on RC and VS denote which temperature
(T1 or T2) they are evaluated at.

The choices of the two temperatures are critically important;
too close, and the equations are ill-conditioned and prone to mea-
surement error/noise, but too far away and the assumption of cons-
tant wS may break down. For this work, we will take T1 and T2 as
the pair of points where the conductance is 70% of the peak value.
This corresponds to RC = 0.1698 ω and 1.2574 ω.

III. APPLICATION AND RESULTS

To test the characterization method, we fabricated MOS
capacitor test structures on commercial 4H-SiC epitaxial layers
with donor concentrations of 1016 cm−3. The substrates were
highly doped 4° off-axis n-type 4H-SiC wafers. For one sample, the
oxide layer was formed by oxidation in dry O2 at 1250 °C for 1 h;
this was followed by post-oxidation annealing in pure NO for
another hour at the same temperature. The final oxide thickness
was approximately 41 nm, as measured by the accumulation capaci-
tance at room temperature. For the second sample, the oxide was
grown in pure NO for 20 h at 1250 °C. The final dielectric thickness
was approximately 85 nm. Sputtered Al was used as the gate metals
and the backside Ohmic contacts for both samples.

Sample conductance was measured with an Agilent E4980A
LCR meter using a 10 mV signal amplitude. Measurements were
performed in a closed-cycle helium cryostat controlled by a Lake
Shore Cryotronics model 331 cryogenic temperature controller.
Samples were pre-cooled to 50 K, followed by application of a DC
gate bias between −0.5 V and −0.75 V for the NO annealed sample
and between 0 V and 0.25 V for the NO grown sample. These
voltage ranges correspond to depletion and to the appearance of
the NI peak between ∼75 K and ∼200 K in the G–T spectra
(depending on frequency and gate bias). As the samples were
heated back to room temperature at a rate of 5 K/min, the conduc-
tance was periodically measured at seven different frequencies
ranging from 1 kHz to 1MHz.

Examples of the resulting G–T spectra are shown in Fig. 2 for
the NO annealed sample and in Fig. 3 for the NO grown sample.
The measurements of the NO annealed sample exhibit two distinct
types of peaks. The smaller peaks at lower temperatures are due to
nitrogen dopants in the bulk SiC.13 The larger peaks are the
so-called NI signal and are due to NITs.12–16

By comparison, the NO grown sample exhibits more peaks
than the NO annealed spectra. The dopant signals are still present

TABLE I. NIT capture rate at various locations in GPT/ωA vs T plots. Values given
in terms of ω.

Percentage of peak
conductance

RC/ω

T < Tpeak T > Tpeak

95 0.3410 0.7166
90 0.2863 0.8333
80 0.2172 1.0425
75 0.1918 1.1477
70 0.1698 1.2574
60 0.1330 1.5000
50 0.1027 1.7924
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at the same temperatures as in the NO annealed sample, but they
are partially overlapped by two other peaks; the NI signal (which is
the highest temperature peak) and a new defect signal unique to
NO grown oxides which has not been reported previously. In the
measured voltage range, this new peak is suppressed following the
normalization; therefore, we will focus solely on the NI peak from
this point onward.

The methods outlined in this paper can be used to extract the
effective trap density, trap lateral depth within the oxide (distance
from the interface), and wS from these peaks. The trap density as a
function of gate bias and distance from the interface is shown in
Fig. 4 for the NO annealed sample and in Fig. 5 for the NO grown
sample. The different trap depths are obtained from measurements
at different frequencies, with higher frequencies probing closer to
the interface (since the tunneling probability is higher, traps closer
to the interface respond faster).

The mean wS values at each gate bias are listed in Table II,
assuming they are constant with temperature. In addition to the wS

values, Table III lists EC-EF at the interface for select conductance
peaks (where EC is the bottom of the conduction band and EF is
the Fermi level).

To perform the extractions, we assumed a capture cross
section of 10−13 cm2, a barrier height of 2.7 eV, an electron effective
mass of 1.2me (where me is the free electron mass), and a tunneling
effective mass of 0.42me.

15,19–21 Note that the contribution of the
additional conduction band minima present in SiC has been
included in the effective mass value.20

FIG. 4. Effective areal NIT density as a function of distance from the interface
and the gate DC bias applied during the measurement for the NO annealed
sample. Trap densities were evaluated using Eq. (3), while the lateral depth was
determined by Eq. (6).

FIG. 2. Conductance–temperature spectra of the NO annealed MOS capacitors
measured with a (a) 1 kHz and (b) 1 MHz test signal. The gate voltage was
varied from −0.75 V to −0.5 V in 50 mV steps.

FIG. 3. Conductance–temperature spectra of the NO grown MOS capacitors
measured with a (a) 1 kHz and (b) 1 MHz test signal. The gate voltage was
varied from 0 V to 0.25 V in 50 mV steps.
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The extracted parameters can be used to model the theoretical
G–T spectra. A comparison of the theoretical and experimental
measurements is shown in Fig. 6 for the NO annealed sample for
gate biases of −0.5 V and −0.75 V and for frequencies of 1 kHz and
1MHz. Figure 7 shows the same comparison for the NO grown
sample (with different gate biases). There is good agreement in the
vicinity of the peak, especially at low frequencies. Note that to plot
the modeled curves, we have assumed that the properties in the
vicinity of the peak (namely, σ and wS) are temperature indepen-
dent and can be extended to regions away from the peak. We also
assumed complete ionization of the dopants, which is justified at
the considered temperatures even though some error can be con-
tributed by this assumption (note that the surface electric field will

cause additional ionization at the interface as compared to the bulk
semiconductor).

IV. DISCUSSION

The conductance peaks that we measure occur at similar tem-
peratures to other signals detected using the deep level transientFIG. 5. Effective areal NIT density as a function of distance from the interface

and the gate DC bias applied during the measurement for the NO grown
sample. Trap densities were evaluated using Eq. (3), while the lateral depth was
determined by Eq. (6).

TABLE II. Surface potential extracted from Eq. (8) for each sample and gate bias.
Values are averaged from measurements at different frequencies. The minimum and
maximum deviations from the mean are also listed (in meV).

NO annealed NO grown

Gate bias
(V)

Mean surface
potential (meV)

Gate bias
(V)

Mean surface
potential (meV)

−0.75 �94:0þ1:4
�1:2 0 �89:1þ6:1

�2:9
−0.70 �93:2þ2:1

�1:7 0.05 �85:9þ5:3
�2:7

−0.65 �91:6þ2:0
�1:9 0.10 �84:2þ5:3

�3:5
−0.60 �89:7þ1:7

�1:7 0.15 �84:0þ5:0
�3:2

−0.55 �85:6þ3:6
�2:5 0.20 �83:0þ4:0

�2:2
−0.50 �83:6þ3:0

�3:1 0.25 �81:6þ3:6
�2:9

FIG. 6. Measured (lines) and modeled (symbols) normalized conductance–tem-
perature spectra for the NO annealed MOS capacitors at (a) 1 kHz and (b)
1 MHz. To improve clarity, only data at the highest and lowest gate biases are
shown (−0.5 V and −0.75 V). The modeled plots are constructed from Eqs. (1)
and (4), using the extracted parameter values.

TABLE III. Difference between the conduction band minimum (EC) and the Fermi
level (EF) at the interface for the highest measured gate voltages (VG) of both
samples (−0.5 V and 0.25 V for the NO annealed and NO grown samples, respec-
tively). Data shown at four different temperatures, corresponding to the locations of
the GpT/ωA peaks for four different measurement frequencies (1 kHz, 10 kHz,
100 kHz, and 1 MHz).

Frequency
(kHz)

NO annealed
(VG =−0.50 V)

NO grown
(VG = 0.25 V)

Peak T
(K)

EC-EF
(meV)

Peak T
(K)

EC-EF
(meV)

1 116 140 103 133
10 127 150 116 142
100 141 163 132 154
1000 166 176 160 169
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spectroscopy (DLTS) or thermal dielectric relaxation current
(TDRC) techniques.22,23 Therefore, it is tempting to try to compare
those established methods to our characterization. However, both
DLTS and TDRC mainly detect the interface trap signal present in
thermally grown oxides. This signal (which sometimes labeled
“OX” in G–T spectroscopy measurements) is strongly reduced fol-
lowing nitridation and only contributes a weak background signal
to the present measurements.12–15 DLTS and TDRC are fundamen-
tally low frequency (<1 kHz) measurements, and they rely on the
temperature dependent emission process for interface traps. This is
different from the higher frequency temperature-independent
release process being probed in this work. Therefore, we expect no
correlation between those signals and the NI signal that we are
investigating.

We can attempt to estimate the volumetric trap densities from
the effective areal densities given in Figs. 4 and 5. To do this, let us
assume that the trap occupancy is governed by a logistic function
of lateral depth which is normalized by x0. This is equivalent to the
Fermi-Dirac distribution, but in distance rather than energy and
with x0 replacing kT in the exponential. In these circumstances, the
volumetric trap densities can be approximated by dividing the areal
densities by x0. Doing this gives values on the order of ∼1018 cm
−3, a value that seems reasonable. However, the validity of assum-
ing such a distribution is questionable. Furthermore, there is no

salient energy scale to use here, and so this estimation is still
unable to account for the energy distribution.

The properties extracted via our new characterization techni-
que can be used to draw some basic conclusions about the nature
of the NITs being measured. For instance, we can see that the effec-
tive trap density appears to decay with distance away from the
interface. This is in line with some measurements of the defect
density in SiC MOS capacitors24 and some others attempt to elec-
trically characterize NITs.25,26

The length scales involved are on the order of inter-atomic
distances. The distribution appears continuous and not discrete as
would be expected of an ordered bond structure. This points to a
region of high disorder at the interface, which generates a variety of
bond lengths and so makes the trap distribution appear continuous.
Such a region has been observed by other groups in SiC MOS
capacitors.24,27–30 The trap density increases with increasing gate
bias; this may indicate an energetic distribution of traps, which
would also be expected for a disordered interface region.31

The NO grown devices exhibit a higher density of NITs as
compared to the NO annealed capacitors. This is especially the
case for the fast traps very near the interface. A higher density of
very fast NITs in NO grown oxides has been observed using other
electrical characterization techniques.32 X-ray photoelectron spec-
troscopy studies have shown a higher concentration of nitrogen at
the interface in NO grown vs NO annealed gate oxides.33 This cor-
relates with the higher NIT densities we observe, and so may indi-
cate a possible defect origin. We would expect that the higher
concentration of fast NITs in NO grown oxides would result in
lower channel-carrier mobility as compared to NO post-oxidation
annealing. However, interfacial nitrogen also reduces the interface
state density.1–11 Mobility measurements on SiC MOSFETs will be
necessary to determine whether the increasing NIT density or the
decreasing interface trap density dominates the relationship
between the nitrogen concentration at the interface and MOSFET
mobility.

There are some limitations of the presented method, particu-
larly involving the wS. Any dependence of wS on temperature
beyond linear it not accounted for and factors that cause peak-
broadening (such as large wS fluctuations, other signals, and tem-
perature dependencies that are unaccounted for) will also result in
errors in the extracted value. As we move to lower temperatures, we
also need to consider that the donors will no longer remain fully
ionized, as stated previously. Despite these limitations, the extracted
values are still effective for modeling purposes, as demonstrated by
the agreement between the model and the measurements in Figs. 6
and 7. Also, the trap density information does not depend on wS,
and so still provides a useful metric for comparing capacitors.

V. CONCLUSION

In this work, we have derived and applied the equations for a
new method of characterizing NITs in nitrided SiC MOS capaci-
tors. The method allows for fast approximation of the trap densi-
ties, lateral depths, and the surface potential, using G–T
spectroscopy measurements. The obtained results enable evaluation
and comparison of MOS fabrication processes for use as the gate
dielectric in SiC MOSFETs. The equations also enable modeling of

FIG. 7. Measured (lines) and modeled (symbols) normalized conductance–tem-
perature spectra for the NO grown MOS capacitors at (a) 1 kHz and (b) 1 MHz.
To improve clarity, only data at the highest and lowest gate biases are shown
(0.25 V and 0 V). The modeled plots are constructed from Eqs. (1) and (4),
using the extracted parameter values.
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the G–T spectra, providing some insight into the physical origin of
the responsible traps. The method can be applied to signals other
than the NI peak, such as those in MOS samples with different
dielectrics/semiconductors, provided that the signal in question is
caused by NITs.
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APPENDIX: DERIVATION OF CONDUCTANCE

The occupancy probability of a trap (fT) is governed by the
following differential equation (using small signal notation):15,17

dfT
dt

¼ rC(1� fT)� rRfT : (A1)

The capture rate can be expressed in terms of the applied
signal,15,17

rC ¼ RC exp
qv
kT

� �
� RC[1þ vth], (A2)

where v is the oscillation in the surface potential due to the applied
voltage and vth = qv/kT. If we substitute Eq. (A2) into Eq. (A1),
split fT into a sum of a small signal part and a bias and substitute
rR = RR (since the release process is independent of the applied
signal), we get

dft
dt

¼ RC(1þ vth)(1� FT � ft)� RR(FT þ ft): (A3)

Assuming that ft is sinusoidal, then

dft
dt

¼ jωft : (A4)

Furthermore, in the absence of a small signal, we can derive from
Eq. (A1) that

FT ¼ RC

RC þ RR
: (A5)

Substituting Eqs. (A4) and (A5) into Eq. (A3) and rearranging

ft ¼ RCRR

RC þ RR
vth

RC(1þ vth)þ RR � jω

[RC(1þ vth)þ RR]
2 þ ω2

: (A6)

The current produced by the traps is15,17

i ¼ qANT
dft
dt

: (A7)

Combining Eq. (A7) with Eqs. (A6) and (A4), and assuming
vth � 1, the admittance (Y) can be derived as

Y ¼ q2ANT

kT
� RCRR

RC þ RR
� ω2 þ jω(RC þ RR)

(RC þ RR)
2 þ ω2

: (A8)

The parallel conductance is the real part of Eq. (A8).
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In summary, SiC power devices outperform their Si counterparts and have already 

begun commercialization. However, there are several areas for improvement, related to 

unknown aspects of the metal–SiC and oxide–SiC interfaces. Some select issues which I 

have addressed in this thesis are: 

• Performance concerns for SiC MOSFETs (low channel carrier mobility)—despite 

the large reduction in interface state density following nitridation, the channel 

mobility of SiC MOS devices is still well below theoretical levels. This problem 

had been correlated in the past with a conductance signal labeled “NI”, but prior 

to my work the origins of this signal were not known. In Part III of this thesis, I 

have demonstrated that this signal is well explained using a near-interface trap 

model, and I have also introduced a new characterization technique which can be 

used to investigate the signal. 

• Reliability issues for SiC Schottky diodes (barrier height instabilities)—reliability 

issues in SiC MOS devices (i.e., threshold voltage instability) are well 

documented. Recently, similar issues have begun to emerge for some SiC 

Schottky diodes. My work in Chapter 2 has shown how these effects are caused 

by traps at the metal–SiC interface. 

• Poor understanding of the conduction mechanisms in SiC Schottky interfaces—

there has been disagreement regarding the responsible current conduction 

mechanisms in SiC Schottky diodes, and how to model them. The most significant 

consequence of this has been the lack of models suitable for circuit simulations, 

which may inhibit adoption of SiC devices. My work has demonstrated what the 

fundamental current mechanisms are and how to model them (Chapter 3), and I 

have made theoretical advances in the field of modeling defect conduction 

(Chapter 6). I have also published a complete compact model for SiC (Chapter 4), 

which to the best of my knowledge is the first of its kind.  

• Poor understanding of the Ohmic contact formation process to SiC—The 

mechanisms of contact formation to SiC are largely a mystery, and this lack of 

knowledge has hampered progress. To aid in the advancement of SiC device 

engineering, I have developed an empirical neural network model for the contact 

formation process (Chapter 5). Although the model does not shed light on the 
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conduction mechanisms in SiC Ohmic contacts, it can act as a guide for 

manufacturing and can be used to improve device performance. 

There are still numerous avenues for future research. Related to Part I (electron 

trapping at metal–SiC interfaces), the most pressing concern is determining the true 

pervasiveness of the reliability issues generated by traps. The sources of the traps (for 

both the ideality factor and the transient barriers) should also be investigated in more 

detail. With a greater understanding of their origins, we may be able to control the diode 

ideality factor, and it may become possible to engineer the SiC Schottky barrier height, 

which has been a goal of Schottky diode research for more than 50 years. 

On the topic of electron transport (Part II), there are still open questions regarding 

defect conduction, particularly for reverse biases. There is also a need to extend the 

compact modeling efforts to more advanced device structures, such as the junction barrier 

Schottky diode. This is a Schottky diode which contains implanted p-type regions 

periodically under the anode metal to improve the reverse blocking (by reducing the 

surface electric field). Modeling is made more difficult in this case because the system 

can no longer be treated as one dimensional. Many commercial SiC Schottky diodes use 

this structure, and so it requires an accompanying compact model. Additionally, there is 

still a severe lack of understanding of the conduction mechanisms in SiC Ohmic contacts. 

Although I have developed an empirical model for the contact resistance, understanding 

the conduction mechanisms would be preferred, since it would allow us to understand the 

role of surface preparation and of annealing. 

Finally, there is still much work to do to improve SiC MOSFETs. Relevant to the 

work in Part III, now that we have established that the NI signal is a near-interface trap 

contained in the oxide region, the question becomes how to reduce/eliminate it during the 

processing stage. Also, although it has not been touched on in this thesis, there is work to 

be done to increase the reliability of SiC MOSFETs (i.e., reduce the impact of threshold 

voltage instability). 

To reiterate, there were two main goals of this work; first was to improve our 

understanding of the physics of the metal–SiC and oxide–SiC interfaces, and second was 

to advance the engineering and practical use of SiC devices. Throughout this thesis, each 

of the chapters contributed to one or both of these main objectives. As such, I consider 

the research goals to be fulfilled. 
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